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Abstract 
Gustavsson, L. 2008. Genetic diversity in fruit and berry crops estimated with molecular 
markers. Doctoral dissertation. 
ISSN 1652-6880, ISBN 978-91-85913-37-4 
 
The amount and structure of genetic diversity has been investigated in three fruit and berry 
crops which differ in their biological properties and history of domestication: Chaenomeles, 
lingonberry and apple. Genetic variability has been assessed by a variety of molecular 
markers: isozymes, RAPD, SSR, SCAR and CAPS with the aim to develop sampling 
strategies, select material for ex situ conservation and provide lasting identification of 
cultivars.  
Breeding of Chaenomeles, a newly domesticated fruit crop, is dependent on well-
characterized plant material containing considerable amount of genetic variation. Phenetic 
relationships within the genus Chaenomeles, estimated on both cultivated plant material and 
on wild populations, were congruent and indicated that C. japonica is differentiated from all 
the other species, i.e., C. speciosa, C. cathayensis and C. thibetica, and the hybrid taxon, C. 
x superba. Furthermore, C. japonica and C. speciosa were found to be considerably more 
variable than C. cathayensis and C. thibetica, and thus different sampling strategies are 
called for.  
Lingonberry breeding is still to a large extent dependent on plant material derived from 
wildgrowing populations. A large-scale pattern of isolation-by-distance among European 
populations was encountered. Within-population variability was medium high, and thus in 
agreement with the mixed mating system and life history traits of this species. RAPD 
markers in combination with the Maximum diversity computer program allowed for 
selection of a diverse and representative plant material for future ex situ conservation. 
Commercially available apple cultivars must be provided with quick and lasting 
identification, which can guarantee that they are true-to-type. Reliable identification of 
apple cultivars in genetic resource collections is also very important for, e.g., scientists and 
breeders. In one study, 151 cultivars were characterised with RAPD markers. No 
pronounced groupings associated with geographic origin were found, and there were also no 
major changes in levels of diversity that could be associated with geographic or temporal 
origination of the different cultivars. In a second study, 68 mandate apple cultivars, aimed 
for preservation in Sweden, were provided with allelic profiles based on several SSR-loci 
and the self-incompatibility locus.  
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Introduction 
Germplasm, both wild and cultivated when available, is needed for immediate 
research and breeding, but should also be preserved for future use in in situ and/or 
ex situ conservation units. Maintenance of germplasm collections with a 
considerable amount of genetic diversity can therefore be regarded as a necessary 
prerequisite for present and future crop improvement.  
 
In order to obtain and preserve useful germplasm, optimal sampling strategies 
must be developed based on overall diversity as well as presence of valuable 
genes.  The amount, structure and distribution of genetic variability has 
traditionally been evaluated by the use of morphological characters, but molecular 
markers have become an important instrument for characterisation of wild and 
cultivated germplasm during the last decades.  
 
The main objectives of my thesis were to demonstrate how genetic diversity 
estimators, obtained with different kinds of molecular markers, can be used in (1) 
development of sampling strategies, (2) creation of a gene bank for ex situ 
conservation and (3) genetic identification of cultivars in existing germplasm 
collections. 
 
Crops studied: biology and utilization 
Chaenomeles species  
The genus Chaenomeles Lindl. (Rosaceae) comprises four diploid (2n = 34) 
species: C. japonica (Thunb.) Lindl. ex Spach (Japanese quince), C. cathayensis 
Hemsl. (Chinese quince), C. speciosa (Sweet) Nakai (Flowering quince) and C. 
thibetica  Yu (Tibetan quince) (Phipps et al., 1990). Plants within the genus 
Chaenomeles are moderate-sized shrubs, with abundant thorns terminating shoots. 
The flowers are nectar-rich but scentless, held in clusters of 1 to 6, and can vary in 
colour from white to darkest red through pink, orange and scarlet. All species are 
presumed to be outcrossing, and are often pollinated by honeybees and 
bumblebees. The fruits are pomes, very diverse in shape, colour and size, with 
numerous seeds (Rumpunen, 2001).  
 
Chaenomeles japonica is a dwarf shrub, normally below 1.2 m, endemic to 
Japan. A strong self-incompatibility system prevails in this species, but artificial 
selfing is possible in some genotypes (Kaufmane & Rumpunen, 2002). The other 
three species, C. cathayensis, C. speciosa and C. thibetica, originate in Central 
Asia. Chaenomeles speciosa is a large shrub, 2 to 5 m, growing in Central and 
southern China, Tibet and Burma. There is also some evidence of self- 
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incompatibility in C. speciosa (Weber, 1964). Chaenomeles cathayensis is the 
largest shrub in the genus and it can reach up to 6 m in height. Chaenomeles 
thibetica is a smaller shrub, 1.5–3 m, growing in Tibet and western Sichuan. A 
mixed breeding system has been proposed for C. cathayensis and C. thibetica 
(paper II).  
 
Interspecific hybridization produces fertile offspring and four hybridogenous 
taxa, the result of ornamental plant breeding, have been described: C. x superba 
(Frahm) Rehder (C. japonica x C. speciosa), C. clarkiana Weber (C. cathayensis x 
C. japonica),  C. vilmoriniana Weber (C. cathayensis x C. speciosa) and C. x 
californica Clarke ex Weber (C. cathayensis x C. x superba) (Weber, 1964). 
 
Chaenomeles species can easily be propagated by seeds, but cultivars must be 
propagated vegetatively, i.e. by grafting, or from root pieces, or hardwood and 
softwood cuttings, in order to maintain their characteristics (Rumpunen, 2001).  
 
Chaenomeles has for a long time been appreciated both as an ornamental crop 
(Weber, 1964) and for medicinal purposes (Anonymous, 1989). Recently, 
members of this genus have also become domesticated for commercial fruit 
production in Europe and Asia. Several different species and species hybrids are 
thus grown for production of fruits with valuable aroma compounds and acidic 
juice in Latvia and Lithuania (Rumpunen et al., 1998; Rumpunen, 2001) and 
China (Wang et al., 1997, 1998). Fruits have been used for manufacturing of 
syrup, liqueur, carbonated soft drinks, marmalades and candies (Ruisa, 1996). 
Furthermore, a sugar-juice aroma extract has proven to be an excellent flavour in 
ice-cream (Rumpunen, 2001).  
 
Many ornamental Chaenomeles cultivars have been successfully marketed. By 
contrast, only a few cultivars suitable for fruit production, are as yet commercially 
available. However, some superior genotypes, which may become registered as 
cultivars, have recently been selected in a North-European Chaenomeles breeding 
program  based on heterogenous plants propagated by seed in orchards in the 
Baltic countries and on plants in breeding populations in Sweden (Rumpunen, 
2001). 
 
Lingonberry  
Lingonberry, Vaccinium vitis-idaea (2n = 24), is a diploid, perennial, evergreen 
dwarf shrub, which belongs to the Ericaceae family. This species is represented by 
two subspecies: ssp. vitis-idaea L. and ssp. minus (Lodd.) Hultén (Hultén, 1949). 
The main difference between the two subspecies is plant size, with ssp. minus 
being considerably smaller in stature and leaf size. Lingonberry reproduces 
vegetatively through rhizomes (subterranean runners) and sexually by seeds. The 
species is partially self-fertile (Jacquemart & Thompson, 1996), but functions 
mainly as an outcrosser. It is pollinated by honeybees and bumblebees, and seed 
set is reported to be higher after cross-pollination compared to selfing 
(Gustavsson, 1999). 
 
Lingonberry has ovate, dark green, thick and leathery leaves, and campanulate, 
white and nectariferous flowers, held in drooping racemes. Berries are bright red, 6  
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to 10 mm in diameter, and have a high antioxidant activity, which could 
potentially make this berry crop a candidate for cancer chemoprevention and 
treatment (Wang et al., 2005). The berries are quite tart, and are therefore not well 
suited for fresh consumption. They do, however, taste very good when cooked, 
and are widely used for processing in jam, juice, liqueur and yoghurt. Lingonberry 
products are especially popular in the Nordic countries, but are becoming more 
accessible also in other parts of the world (Gustavsson, 1999). 
 
Lingonberry is also popular for the decorative leaves, and branches are therefore 
harvested in the wild for making wreaths etc. In addition, plants are marketed for 
use in home gardens or for landscaping purposes.  
 
Lingonberries destined for processing industries are usually harvested from 
plants growing wild in natural populations in coniferous forests and bogs, but there 
is an increasing interest in commercial plantations with registered cultivars. Still, 
development of commercial cultivars has been quite restricted and all the known 
cultivars (about 20) have been developed by selection of promising individuals 
either directly from wild stands or from cultivated populations obtained by open 
pollination. Four high-yielding and winter-hardy cultivars have been selected in 
Sweden: ‘Sussi’, ‘Sanna’, ‘Ida’ and ‘Linnea’. For commercial purposes, 
lingonberry cultivars are propagated vegetatively mainly by stem cuttings 
(Gustavsson, 1999).  
 
Apple  
Apple, Malus x domestica Borkh., is the economically most important fruit crop in 
the temperate zone. Apple is thought to be an interspecific hybrid with Malus 
sieversii being the major maternal contributor (Harris et al., 2002). Other species, 
which may have contributed to the lineage of cultivated apple are: Malus orientalis 
Uglitzk ex Juz., Malus baccata L., Malus prunifolia (Willd.) Borkh., and the 
European  Malus sylvestris (L.) Mill. (Janick et al., 1996). Apple has a 
gametophytic self-incompatibility mechanism, which enforces outbreeding and 
results in high levels of heterozygosity and genetic diversity (Kitahara et al., 2005; 
Vanwynsberghe et al., 2005). Numerous cultivars are known all over the world 
and the number is rapidly increasing (Sansavini et al., 2004). Most of the apple 
cultivars are functional diploids (2n = 34), but spontaneously occurring triploid 
and even tetraploid cultivars are found. 
 
Many apple varieties have arisen as chance seedlings, e.g., obtained via open 
pollination in fruit orchards, and therefore have an unknown origin. However, in 
the last century, an increasing number of cultivars have been derived from 
controlled crosses performed by plant breeders (Janick et al., 1996). Naturally 
occurring mutations (bud-sports) in adapted cultivars are broadly exploited as well, 
and play a considerable role in the increasing number of new apple cultivars 
(Sansavini et al., 2004).  Apple cultivars are maintained by vegetative propagation 
and all trees belonging to the same cultivar should be genetically identical 
wherever they are grown. 
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In Sweden, modern apple breeding, based on controlled crosses, was first 
undertaken at Alnarp (1920-1960) and since around 1950 at Balsgård (both are 
nowadays parts of the Swedish University of Agricultural Sciences). Breeding and 
research at Balsgård rely on the largest apple germplasm collection in the country 
with about 1000 indigenous and foreign cultivars. This collection contains about 
100 of the 220 mandate cultivars presently appointed for conservation by the 
‘National Program of Cultivated Plants’. The mandate status is granted to 
indigenous cultivars named, bred, propagated and marketed in Sweden as well as 
to some cultivars with a long history of being grown in the country (Hjalmarsson 
& Wallace, 2004).  
 
Molecular markers used for detection of genetic 
diversity 
Numerous molecular markers have been developed and applied for analyses of 
genetic diversity and relatedness, and all marker systems have their strengths and 
weaknesses (Schlötterer, 2004; Weising et al., 2005). Choice of molecular marker 
system should be determined by the objectives of the study as well as mating 
system of the studied species, and available financial support. 
 
Protein-based markers 
Protein (enzyme- and non-enzyme) molecular markers provide indirect 
information about plant genome structure. Only one class of protein-based 
molecular markers, isozymes, were used in the diversity analyses within this 
thesis. 
 
Isozymes 
The term ‘isozymes’ was introduced by Markert & Moller (1959) and refers to 
protein forms of an enzyme with the same catalytic activity, and converting the 
same substrate, but differing in molecular weight or in electric charge. The 
differences in size and charge can be caused by amino-acid substitutions or post-
translational modifications. Protein variants in isozyme analysis are distinguished 
by gel electrophoresis and visualized by an enzyme-specific staining mixture, 
where substrate, co-factor and an oxidized salt are included. 
 
Isozymes are not necessarily products of the same gene, and they can be active 
at different life stages or in different cell compartments. Isozymes encoded by the 
same locus but by different alleles are usually referred to as allozymes (Weising et 
al., 2005). 
 
The main advantage of isozyme analysis, especially when allozymes are used, is 
their co-dominant inheritance, which allows the discrimination between 
homozygous and heterozygous genotypes. This is necessary for precise  
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estimations of population genetics parameters, especially in cross-pollinated 
species.  
 
The main disadvantage is that isozyme analysis detects variation only in protein-
coding loci and therefore provide fewer markers compared to DNA-based 
methods. Furthermore, isozyme systems often show low variability and in some 
cases no variability at all due to a low rate of mutational events. 
 
  Isozyme (allozyme) analysis has been widely used for analysing genetic 
diversity and population structure in a large range of plant species (Hamrick & 
Godt, 1989; Fady-Welterlen, 2005). The analyses are cheap and relatively easy to 
perform, which makes it possible to study an excessive amount of individuals. 
Although only one minor isozyme study had previously been published on 
Chaenomeles (Ponomarenko, 1990), we found this cost-effective method to be 
appropriate for diversity studies on Chaenomeles (papers I & II). 
 
DNA-based markers 
Of the great diversity of available DNA-based molecular markers, the following 
were used within this thesis: RAPD, SSR, SCAR and CAPS.  
 
RAPD (Random Amplified Polymorphic DNA) 
RAPD was first described by Williams et al. (1990). The method uses short 
arbitrary primers, usually 10 bp, to amplify anonymous PCR fragments in non-
coding as well as coding regions of template DNA. The PCR products are 
separated by electrophoresis in an agarose gel. The gel is stained with ethidium 
bromide and the amplification products are visualized under UV light. A PCR 
product is generated when primers anneal in an inverted way and at an amplifiable 
distance from one another (150–3000 bp). The number of amplification products is 
related to the number and direction of the genome sequences complementary to the 
primer. RAPD polymorphism is caused by a nucleotide substitution within the 
target site, or an insertion or deletion of a DNA-fragment within the amplified 
region. These mutations result in an absence of a fragment or changes in fragment 
size (Weising et al., 2005). 
 
RAPD is a relatively cheap and technically simple method. It is especially 
suitable for analysing large numbers of samples belonging to species for which 
there is no genome sequence information. The main drawbacks of RAPD markers 
are possible problems with reproducibility (Jones et al., 1997), co-migration of 
al., 1996) and their dominant inheritance, i.e., heterozygotes cannot be 
distinguished from dominant homozygotes (Williams et al., 1990).  
 
Reproducibility problems within the same laboratory can be avoided by careful 
optimisation and adherence to a well-defined protocol, by screening large numbers 
of primers for reproducibility and by scoring only strong, clear and consistently 
appearing bands (Koller et al., 1993; Mulcahy et al., 1993; Belaj et al., 2003). Co-
migration of non-homologous fragments can be a problem at higher taxonomic 
non-homologous fragments (Rieseberg, 1996), competitive priming (Halldén et  
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levels, but is probably negligible at the intraspecific level or when the studied 
species are closely related (Rieseberg, 1986). RAPD markers have, despite the 
above-mentioned limitations, been widely used in plant genetics and breeding, 
e.g., to estimate genetic diversity, detect phylogenetic relationships, and create 
genetic maps (Weising et al., 1995, 2005). 
 
Within this thesis, RAPD markers were used in papers II–IV to analyse genetic 
diversity and genetic relationships within rather large plant sets due to their 
technical simplicity and cost-effectiveness. They have previously proven to be 
useful in estimating genetic diversity in Chaenomeles (Bartish et al., 1999), in 
estimating extent of clonality and genetic diversity in lingonberry populations 
(Persson & Gustavsson, 2001) and for cultivar identification, evaluation of genetic 
diversity and paternity analysis in apple (Harada et al., 1993; Koller et al., 1993; 
Zhou & Li, 2000). 
 
SSR (Simple Sequence Repeats or microsatellites) 
Microsatellites are short (1–6 bp) tandemly repeated sequences of DNA (Litt & 
Luty, 1989; Tautz, 1989). In microsatellite analysis, two primers are designed 
complementary to the sequences flanking a specific microsatellite DNA sequence.  
The sequence is amplified by PCR, fragments are separated by electrophoresis and 
allele sizes are determined.  The allelelic polymorphism of microsatellite loci is 
usually caused by a variable number of integer repeat units.  
 
Microsatellites are abundant in plant genomes, co-dominantly inherited, multi-
allelic and highly polymorphic. Microsatellites have therefore become a marker 
system of choice for identification of genotypes, population genetics, paternity 
 
Although SSR markers generally show highly reproducible results within and 
between laboratories, some discrepancies in allele sizing between laboratories 
have been reported, possibly caused by the many factors that can influence the 
migration of PCR fragments through the gel (Galli et al., 2005; Amos et al., 2007). 
The main drawback of microsatellite analysis is the high expenses at the initial 
stages of primer development, when sequences for primer design must be isolated 
and cloned. However, some cross-species transferability of primer pairs 
(Yamamoto et al., 2001, 2004) or software-designed primers based on publicly 
accessible sequence information from gene-bank accessions (Tonguc & Griffiths, 
2004) can decrease the initial costs considerably.  
 
SSR analysis, used for analysis of genetic diversity, genetic relatedness and 
genotype identification in paper V, has previously been successfully applied in 
apple for i.e., cultivar identification (Galli et al., 2005), evaluation of genetic 
diversity in germplasm collections (Guarino et al., 2006; Pereira-Lorenzo et al., 
2007) and for parent identification (Kitahara et al., 2005). SSR markers are 
superior to RAPD concerning the reproducibility between laboratories, which is 
extremely important in multilateral international projects. Still, the expences and 
technical facilities required for SSR analysis, restricted the investigations in Paper 
V to a smaller set of highly prioritized cultivars. 
 
testing and genome mapping (Weising  et al., 2005).   
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SCARs (Sequence-Characterized Amplified Regions) 
SCARs were originally developed from RAPD-derived markers (Paran & 
Michelmore, 1993), but have later also been developed from AFLP-derived 
markers (Mienie et al., 2002). A DNA fragment in an agarose gel, tightly linked to 
the character of interest, is cloned and sequenced, and approx. 24 bp long primers, 
complementary to the ends of the original fragment, are designed. These primers 
can then be used in amplification of a single marker for the character of interest. 
SCAR markers demand stringent PCR conditions and thus have no problems with 
reproducibility. The initial stages of development of SCAR markers are laborious, 
but once developed they are user-friendly since the PCR-fragments can be detected 
in an agarose gel with ethidium bromide. Apple cultivars have been characterized 
with SCAR markers to detect alleles that control apple skin colour (Cheng et al., 
1996), incompatibility (S-alleles) (Broothaerts, 2003) and resistance against apple 
scab caused by the fungus Venturia inaequalis (Hemmat et al., 2002, Mattisson & 
Nybom, 2005; Melounova et al., 2005). 
 
SCAR markers were used in paper V for analysis of S-locus alleles. Apple 
cultivars which share one S-allele, have a reduced yield capacity if cross-
pollinated, while those with both alleles in common produce almost no fruit at all. 
 
PCR-RFLP or CAPS (Cleaved Amplified Polymorphic Sequences) 
CAPS markers (Konieczny & Ausubel, 1993) are generated in two steps: PCR 
fragments are first amplified by a sequence-specific primer pair, and subsequently 
digested with a restriction enzyme. The resulting fragments are separated by gel 
electrophoresis. Mutations in the restriction sites can prevent the restriction and 
thus fragments of differing size are obtained. CAPS markers are codominantly 
inherited and have been used for detection of scab resistance controlled by the Vf 
gene (Mattisson & Nybom, 2005) and for characterisation of the S-locus in apple 
(Matsumoto et al., 1999; paper V) 
 
Correlation between methods 
Different molecular markers, used for the same plant material, may reveal either 
similar or different patterns of diversity and genetic relationships. Thus, good 
correlation and congruence between isoenzymes and RAPD has been observed in 
apple  (Royo & Itoiz, 2004) and in black spruce (Picea mariana) (Isabel et al., 
1995) but moderately low in oats (Avena sterilis) (Heun et al., 1994). Significant 
correlations were obtained in soybean (Glycine) when RFLP, RAPD, SSR and 
AFLP data were compared, but correlation coefficients involving the RAPD data 
were lower than those obtained with the other polymorphic assays (Powell et al., 
1996). A similarly low correspondence between values was obtained for RAPD 
and SSR data in cultivated potato (Solanum tuberosum) (Milbourne et al., 1997). 
According to Powell et al. (1996), several factors may affect the estimation of 
genetic relationships between individuals, namely number of markers used, 
distribution of markers in the genome and the nature of evolutionary mechanisms 
underlying the variation measured. Weising et al. (2005) stress the fact, that four  
 14
to 10 times more markers are needed when using dominant instead of co-dominant 
markers in order to achieve the same accuracy in the estimation of genetic 
distances, and the estimation of within- and among-population variation.  
 
Materials and Methods 
Plant material 
Highly diverse germplasm collections have been gathered at SLU, Balsgård, to 
provide a basis for breeding and research in Chaenomeles, lingonberry and apple. 
The plant material investigated within this thesis, derives mainly from these 
collections. 
 
In paper I, we analysed 42 Chaenomeles plants, from 14 accessions representing 
three species, C. japonica, C. speciosa, C. cathayensis and a hybridogenous taxon, 
C. x superba. The plants were raised from seeds obtained from botanical gardens 
in Europe and Japan and from domesticated populations in the Baltic countries.  
 
In paper II, we studied 185 Chaenomeles genotypes from nine wild Chinese and 
Japanese populations representing all four known spontaneous species: C. 
japonica  (3 populations), C. speciosa (3 populations), C. cathayensis (2 
populations), and C. thibetica (1 population). All but three populations (two of C. 
speciosa and one of C. cathayensis) were collected directly in the wild. The 
remaining three were derived from fruits purchased at the local markets, but 
originally collected in near-by mountains. Only one fruit was picked from each 
shrub and the seeds from each fruit constituted a family. The analysed families 
were taken randomly from the different populations. 
 
The lingonberry plant material, analysed in paper III consisted of 211 plants 
derived from 15 geographically dispersed locations. At each location, berries were 
collected within an area of 1000 square meters. Plants raised from seeds from the 
same location were considered as a population. Ten to 15 plants from each 
population were taken randomly for the analyses. The analysed populations 
represent two subspecies of Vaccinium vitis-idaea: ssp. vitis-idaea and ssp. minus. 
In addition, 8 plants representing 8 commercial cultivars were analysed, increasing 
the total material to 219 plants. 
 
In paper IV, 151 apple cultivars were analysed. These cultivars were divided 
into six groups based on their historical age and their geographic origination 
derived from pomological literature (Dahl, 1929; Nilsson, 1986; Svensson & 
Kastman, 2005): 1) ancient (originated before 1800) Swedish (17), 2) ancient 
foreign (21), 3) old (1800–1900) Swedish (34), 4) old foreign (29), 5) new (after 
1900) Swedish (31) and 6) new foreign (19). Of these, 94 were mandate cultivars, 
appointed for conservation in Sweden, with 68 having a Swedish origin. 
 
The 68 indigenous Swedish apple mandate cultivars were further analysed in 
paper V. In addition, a few non-mandate parents and some reference cultivars were  
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analysed in order to verify the pedigree information and to compare our allele-
sizing data with previously published results. 
 
Methods and data scoring  
Isozyme analysis 
Protein extraction 
Enzymes were extracted with extraction buffer from fresh phloem tissue or leaves, 
that were ground in pre-cooled mortars with liquid nitrogen. A detailed extraction 
protocol is described in paper I. The same extraction protocol was used also in 
paper II.  
 
Electrophoresis and staining 
In both studies, papers I & II, isozymes were separated by electrophoresis in a 
gradient (5.8–11.8%) (Boscovic et al., 1994) or in 7.5% (Davis, 1964) 
polyacrylamide gels (described in detail in paper I). 
 
A broad range of isozyme systems (in total 16) were originally assayed in paper 
I. Six of these, namely acid phosphatase (ACP), esterases (EST), glutamate 
oxaloacetate transaminase (GOT), malate dehydrogenase (MDH), 
phosphoglucomutase (PGM) and peroxidase (PRX) showed sufficient resolution 
and consistent banding patterns and were therefore used in diversity analyses. The 
same enzyme systems were applied in paper II, except for MDH, which was 
substituted by shikimate dehydrogenase (SKDH). 
 
Bands for each isozyme system were scored as unordered multistate traits (Beer 
et al., 1993; Strefeler et al., 1996a, b) in both studies, and binary matrices with “1” 
for presence and “0” for absence were produced. 
 
DNA-marker analysis 
DNA-extraction 
In all four studies with DNA-based markers (papers II–V), total cellular DNA was 
extracted from leaves. In paper II, DNA was extracted following a previously 
described protocol (Bartish et al., 1999) with some modifications. In paper III, the 
extraction protocol of Nybom & Shaal (1990) was used. In papers IV and V, DNA 
was extracted using the Qiagen Dneasy
TM  Plant Mini Kit, following the 
manufacturer’s protocol. 
 
RAPD analysis 
Oligonucleotide primers used in papers II–IV, were selected from the Operon 
Technologies sets based on polymorphism, reproducibility and clarity of the 
obtained patterns. PCR amplifications in paper II (Chaenomeles) were performed 
following Bartish et al. (1999) and in paper III (lingonberry) Persson & 
Gustavsson (2001). PCR protocols for apple are presented in detail in paper IV. In 
all studies, RAPD bands were separated in 1.8% agarose gels, stained by ethidium  
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bromide and scored manually. Binary data matrices were produced, based on 
presence “1” or absence “0” of a band. 
 
SSR analysis 
Ten SSR primer pairs from a list of 140 (Liebhard et al., 2002) were used. Nine of 
these, CH01d03, CH01h02, CH02c06, CH02c09, CH02c11, CH02d08, CH04c06, 
CH04e05 and COL belong to the “standard primer set” defined by the European 
working group on apple genetic resources (Laurens et al., 2004; Guarino et al., 
2006). The tenth primer pair (CH02b10) had been used previously at our 
laboratory (Mattisson & Nybom, 2005). 
 
All PCR amplifications were performed according to Gianfranceschi et al. 
(1998) and the originally published PCR program was used for all but one primer 
pair, Ch02c06, for which a detailed cycling profile is given in paper V.  
 
The PCR products were separated and analysed by capillary electrophoresis. 
Allele sizes were assigned to their repeat units equivalent. The amplified SSR 
fragments were scored in terms of loci and alleles. In addition, the fragments were 
scored phenotypically, with “1” for presence of fragment and “0” for absence. 
 
SCAR and CAPS analyses. 
In paper V, SCAR and CAPS markers were used to fingerprint apple cultivars 
using alleles at the S-locus. Allele-specific primers published by Matsumoto et al. 
(1999), Kitahara & Matsumoto (2002) and Broothaerts (2003) were used for the 
detection of a total of 14 different S-alleles. A detailed description of PCR 
conditions, amplification protocols and enzyme restrictions is given in paper V. 
The amplified and digested fragments were separated on a 2.5% agarose gel, 
stained with ethidium bromide and scored manually.   
 
Flow cytometry 
Ploidy level of apple cultivars (paper V), that amplified more than two alleles in an 
SSR and/or S-locus, was estimated by flow cytometry analysis, performed by Plant 
Cytometry Services (JG Schijndel, The Netherlands). Leaf samples were chopped 
in icecold buffer with DAPI and than analysed on a CyFlow ML using Lactuca 
sativa as an internal standard. 
 
Statistics 
Genetic relatedness (Cluster analysis, MDS, PCO) 
Levels of genetic relatedness among the analysed individuals (papers I, III, IV & 
V) were estimated by comparing molecular marker-derived band patterns using 
Jaccard’s coefficient of similarity (Jaccard, 1908). Jaccard’s coefficient excludes 
the negative band matches, which is especially important for RAPD markers, since 
the absence of a band can be caused by several different events (Weising et al., 
2005). Dissimilarities among the analysed plants (paper V) were measured by a 
commonly used measure of dissimilarity, Roger’s coefficient (Reif et al., 2005). 
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Similarities among populations (paper III) were estimated by a COSINE pattern 
similarity measure (Norusis, 1990). Phenetic distances among populations and 
among families were estimated with the Euclidean distance, while genetic 
distances among populations were calculated according to Nei (1972). 
 
Matrices based on similarities or dissimilarities were subjected to, e.g., cluster 
analysis (papers I–V), multidimensional scaling (MDS) (papers I, III) or principal 
co-ordinate analysis (PCO) (papers II, IV).  
 
Cluster analysis produces a hierarchical representation of the relationships 
among samples or groups of samples. The most commonly applied method for 
DNA marker-based cluster analysis is UPGMA (Sneath & Sokal, 1973), which 
was used also in my thesis. The levels of relatedness were visualised in a 
dendrogram. Cluster analysis generally provides a good resolution among closely 
related individuals and groups, but clusters are produced whether or not natural 
groupings exist. Compared to cluster analysis, the ordination methods provide a 
better overview of the relationships between groups. The two most commonly 
used methods with DNA-based data, MDS and PCO, were used in this thesis. 
MDS and PCO represent the relationships among individuals or groups of 
individuals in a non-hierarchical way. These relationships were illustrated in two- 
(papers I, III and IV) or three-dimensional plots (paper II). MDS generally reveals 
a larger proportion of the variability already in the first two dimensions (Weising 
et al., 2005).  
 
Genetic diversity estimators 
Genetic diversity within a population or a group of, e.g., cultivars was evaluated 
by several different parameters in my thesis: alleles per locus (A), effective 
number of alleles per locus (Ae), expected heterozygosity (He), i.e., the probability 
that two alleles from the same locus would be different when chosen at random 
o
markers, i.e., RAPD, the formulae for calculating Nei’s unbiased gene diversity 
(Nei, 1978) have been modified by Lynch & Milligan (1994). Assumption of a 
Hardy-Weinberg equilibrium at each locus is required when calculating Nei’s gene 
diversity or the Lynch & Milligan index for dominant, biallelic data in outcrossing 
species, where heterozygotes are common but cannot be detected (Lynch & 
Milligan, 1994). Another commonly used measure of within-population 
variability, applied in the thesis, is Shannon’s index (Bussell, 1999), which does 
not require an assumption about Hardy-Weinberg equilibrium.  
 
To verify the potential of chosen markers to discriminate among analysed 
cultivars, two measures were used in paper V: power of discrimination (PD), 
which estimates the probability that two randomly sampled individuals are 
discriminated, and a confusion probability (C), which is the probability that any 
two cultivars are identical in their molecular genotypes at all loci by chance alone 
(Kloosterman et al., 1993; Aranzana et al., 2003).  
 
 
(Nei, 1972), and observed or direct count heterozygosity (H ).  For dominant  
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Partitioning of diversity 
Population subdivision causes an inbreeding-like effect, which can be measured in 
terms of a decrease in the proportion of heterozygous genotypes. The effect of 
population subdivision is quantified by the fixation index, Wright’s FST (Hartl, 
1988). The fixation index can be calculated for different hierarchical levels, 
between subpopulations within populations, between populations within regions 
etc., using a formula: 
               F ST = (HT – HS)/HT, 
where HT is the expected heterozygosity in the total population (species) and HS is 
the mean expected heterozygosity in the subpopulations (populations). Nei’s 
coefficient of gene differentiation (GST) is equivalent to FST, but analysis is 
extended to multiple loci and any number of alleles per locus (Weising et al., 
2005).  
 
Population differentiation is often estimated with the Analysis of Molecular 
Variance (AMOVA) approach (Excoffier et al., 1992). AMOVA was applied in 
my thesis to calculate the proportion of variability among populations within a 
species, among populations within a genus and among species within a genus 
(paper II), and to estimate the partitioning of diversity within and between 
populations for three different data sets (paper III).  
 
The AMOVA-derived ST  estimators have previously been found to provide 
values which are very similar to those obtained with GST estimators when 
calculated on the same raw data (Nybom & Bartish, 2000; Nybom, 2004). 
 
Components of diversity within and between species, populations and families 
in Paper II, within and between populations in paper III, and within and between 
predefined groups of cultivars in paper IV, were also calculated based on the 
Shannon’s diversity index according to Bussell (1999).  
 
Summary of Results and Discussion 
The amount and structure of genetic variability in germplasm collections is highly 
dependent on the biological properties of the crop in question, as well as on its 
history of domestication. The studies presented in this thesis focus on exploration 
of genetic diversity in three horticultural crops: Chaenomeles, lingonberry and 
apple. 
 
All the investigated crops have different histories of domestication. Thus, 
species within the genus Chaenomeles have been known for at least 500 years, but 
they were first domesticated for their ornamental value, and have been cultivated 
for fruit production only during the last 50–60 years (Rumpunen, 2001). 
Lingonberry has a very brief history of domestication and has been cultivated only 
for a few decades (Gustavsson, 1999). Apple has been used as a fruit crop by man 
for at least 2000 years (Harris et al., 2002) and is today the economically most 
important fruit crop in Sweden.   
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Genetic diversity in Chaenomeles (papers I & II) 
Genetic diversity within cultivated plant material 
The specific objectives of paper I were to investigate genetic diversity among taxa, 
accessions, and individual Chaenomeles plants using isozymes.  
 
Results obtained for 42 cultivated Chaenomeles plants, representing three 
species, C. cathayensis, C. japonica and C. speciosa, and a hybridogenous taxon, 
C. x superba, showed that C. x superba and one of its ancestor species, C. 
speciosa, were more similar to each other than to any of the other species. 
Individuals of these taxa jointly formed one group in an MDS plot (Fig. 1) and 
clustered together in a UPGMA dendrogram (Fig. 2). The other ancestor, C. 
japonica, was clearly differentiated from C. x superba. Furthermore, C. japonica 
and C. cathayensis formed well-separated groups in both a dendrogram and an 
MDS plot, and were therefore considered to be the most distantly related species. 
Inside the major clusters, genotypes grouped mainly according to the geographic 
origin of plant material. The individuals of C. cathayensis, obtained from three 
different locations, formed the most tight cluster in both dendrogram and MDS 
representations, indicating a comparatively low level of diversity within this 
species. 
 
 
 
Figure 1. Plot of MDS analysis of genetic similarity estimates (Jaccard’s coefficient) for 
isozyme data, showing groups among individual plants of C. cathayensis (), C. speciosa 
(), C. x superba () and C. japonica ( ) (Figure 2, paper I).    
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Figure 2. Dendrogram based on UPGMA analysis of genetic similarity estimates (Jaccard’s 
coefficient) for isozyme data, showing relationships among individual plants of C. 
cathayensis (  ), C. speciosa (), C. x superba () and C. japonica ( ) (Figure 1, paper I). 
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Relationships revealed by isozyme analysis in this study, were in general 
agreement with morphological data for the same species (Weber, 1964) and RAPD 
data for the same set of 42 individuals (Bartish et al., 1999). Correlation (Mantel 
test) between similarity matrices based on isozymes (paper I) and RAPD (Bartish 
et al., 1999), was high (r = 0.74). 
 
Genetic diversity within wild plant material 
Unfortunately, there are some problems with using material obtained from 
botanical gardens, like uncertain origins and the possibility that spontaneous intra- 
and interspecific hybridization may have taken place, potentially having an impact 
on diversity estimators. 
 
Further investigations were therefore undertaken using wild plant material. In 
paper II, RAPD and isozymes were used to determine genetic diversity and 
population structure for species and populations within the genus Chaenomeles 
and to estimate level of correspondence between the two marker systems.  
 
Phenetic relationships within Chaenomeles assessed in paper II for 9 native 
populations representing four known species, were congruent with the results 
obtained in previous investigations on cultivated plant material (Bartish et al., 
1999; paper I). Thus, C. japonica was clearly differentiated from both C. speciosa 
and C. cathayensis (Fig. 3). The recently recognized species C. thibetica appeared 
to be rather closely related to C. cathayensis.  
 
Genetic diversity, estimated by Shannon’s index and the Lynch and Milligan 
index, indicated that populations of C. japonica and C. speciosa were considerably 
more diverse than populations of C. cathayensis and C. thibetica (Table 1). 
Correspondingly, the main part of the total variability resided within populations 
in the case of C. japonica and C. speciosa and between populations in the case of 
C. cathayensis. Differences in mating system among the species could be a 
possible explanation to these results, and a mixed mating system was thus 
suggested for the two most uniform species, C. cathayensis and C. thibetica. 
 
Highly significant correlations between isozyme and RAPD data were observed 
for phenetic distances (r = 0.889, P < 0.001) and gene diversity estimates, although 
RAPD-based estimates were somewhat higher. Isozyme markers did, however, 
show a markedly higher rate of differentiation between populations of C. japonica 
compared to the  RAPD-derived data. This discrepancy may be explained by a 
higher proportion of non-neutral markers for isozymes than for RAPD, thus some 
isozyme markers may have been subjected to diversifying selection. 
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Figure 3a, b. Three-dimensional representation of principal co-ordinate analysis of phenetic 
relationships between populations of Chaenomeles. (Figure 3a, b, paper II). 
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Table 1. Gene diversity estimated by Shannon’s index (H’) and by the Lynch and Milligan 
index (H) with standard error, as well as the percentage polymorphic markers (P) within 
populations and species of Chaenomeles, based on RAPD and isozyme data (Table 2, paper 
II). 
 
Group  H’pop RAPD  H’popisozyme  Hpop RAPD  P(%) RAPD  P(%) isozyme 
C.cathayensis        
P9803 0.140(0.024)  0.069(0.025)  0.066(0.012)  15.8 7.1 
P9804 0.282(0.032)  0.081(0.026)  0.139(0.017)  30.3 8.9 
C. japonica        
P9701 0.487(0.032)  0.422(0.047)  0.229(0.017)  54.6 50.9 
P9702 0.467(0.032)  0.375(0.050)  0.212(0.016)  50.9 44.6 
P9724 0.424(0.031)  0.413(0.050)  0.196(0.016)  49.1 46.4 
C. speciosa        
P9801 0.547(0.030)  0.503(0.049)  0.253(0.015)  63.5 54.5 
P9802 0.520(0.030)  0.419(0.044)  0.239(0.014)  62.4 53.6 
P9805 0.589(0.030)  0.460(0.044)  0.258(0.014)  66.1 60.7 
C. thibetica        
P9806 0.286(0.029)  0.189(0.052)  0.141(0.015)  34.3 14.3 
Group  H’spRAPD  H’spisozyme  HspRAPD  P(%) RAPD  P (%) isozyme 
C.cathayensis  0.337(0.032)  0.284(0.056)  0.160(0.015)  39.9 22.3 
C. speciosa  0.620(0.032)  0.612(0.050)  0.278(0.016)  69.0 67.9 
C. japonica  0.706(0.029)  0.655(0.043)  0.306(0.014)  78.2 75.9 
Group  H’ge RAPD  H’ge isozyme  Hge RAPD  P(%) RAPD  P (%) isozyme 
Chaenomeles  0.746(0.013)  0.665(0.024)  0.282(0.008)  93.7 92.0 
 
Genetic diversity in lingonberry (paper III) 
Lingonberry breeding programs generally rely mainly on germplasm derived from 
natural populations. Therefore, knowledge about amount and structure of genetic 
variation within and between natural populations is very important for collecting 
and preserving genetic resources of this crop.  
 
In paper III, the main purpose was to assess relatedness and genetic diversity for 
15 recently collected lingonberry populations (from Sweden, Finland, Norway, 
Estonia, Russia, Japan and Canada). All but two populations belonged to ssp. vitis-
idaea and the remaining two, from Canada and Japan, represented ssp. minus. 
Since the lingonberry breeding program at Balsgård had been temporarily halted, 
we also aimed to select a representative set of individuals from the analysed 
populations for ex situ conservation and future use. 
 
Genetic diversity and relatedness 
RAPD-based cluster analysis and MDS produced similar phenetic patterns, and a 
pronounced geographic grouping among populations was observed in most cases 
(Fig. 4; Fig. 5). Genetic and geographic distances were significantly correlated 
(Mantel test) for the entire plant material (r = 0.532, P < 0.001) and for the 13 
populations of ssp. vitis-idaea (r = 0.475, P < 0.001) indicating isolation-by-
distance. When the analysis was restricted to only Swedish populations, the 
correlation was non-significant (r = 0.182, P = 0.320).  
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Figure 4. Dendrogram based on UPGMA analysis of genetic similarity estimated among 15 
populations of lingonberry (Figure 1, paper III).  
Figure  5.  Two-dimensional  plot  of  MDS  analysis  based  on  a  genetic  distance  matrix, 
illustrating  genetic  relationships  among  14  populations  of  lingonberry.  The  Japanese 
population of Vaccinium vitis-idaea ssp. minus, an outlier, is not included (Figure 2, paper 
III). 
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Levels of within-population genetic diversity are presented in Table 2. The mean 
value for within-population diversity (Hpop = 0.206) is in general agreement with 
the mixed mating system, reported for lingonberry (Jacquemart & Thompson, 
1996) and with life history traits (long-lived perennials, dispersed by animal-
ingested seeds) (Nybom & Bartish, 2000). The major part of the diversity was 
found within populations, which is in agreement with previous RAPD-based data 
in a study of four lingonberry populations (Persson & Gustavsson, 2001). 
 
Table 2. Genetic diversity (including standard error) estimated by Lynch and Milligan’s 
index (Hpop) and Shannon’s index (H’pop) within populations of lingonberry (modified 
Table 1, paper III). 
 
Samp- 
ling  
site no. 
Samp- 
ling 
site 
code 
No.  
of 
plants 
 
Country Location  Hpop H’pop 
 1  SK  15  Sweden  Kristianstad  0.227 (0.026)  0.483 (0.049) 
 2  SÖ  15  Sweden  Örebro  0.214 (0.025)  0.517 (0.051) 
 3  SV  15  Sweden  Västerbotten  0.245 (0.027)  0.513 (0.050) 
 4  SN  10  Sweden  Norrbotten  0.197 (0.026)  0.400 (0.051) 
 5  SG  13  Sweden  Gävleborg  0.248 (0.028)  0.523 (0.048) 
 6  SH  11  Sweden  Halland  0.219 (0.026)  0.500 (0.051) 
 7  FT  15  Finland  Toijala  0.187 (0.026)  0.375 (0.049) 
 8  FS  15  Finland  Simo  0.178 (0.026)  0.374 (0.050) 
 9  NS  15  Norway  Sognedal  0.225 (0.029)  0.434 (0.055) 
10  EV  15  Estonia  Vöru  0.241 (0.029)  0.456 (0.055) 
11  EP  10  Estonia  Pärnu  0.209 (0.027)  0.434 (0.055) 
12  RM  15  Russia  Murmansk  0.110 (0.024)  0.190 (0.043) 
13  RK  14  Russia  Kirov  0.135 (0.024)  0.265 (0.047) 
14  JF  14  Japan  Fuji San  0.180 (0.028)  0.349 (0.056) 
15 
 
CM  15  Canada  Montreal  0.274 (0.025)  0.654 (0.048) 
 x =  0.206        x  =  0.431 
 
Selection of individuals for ex situ conservation 
To create a new lingonberry genebank at Balsgård, a set of 61 individuals was 
selected out of a total of 211 plants derived from wild populations. One plant of 
each of 8 commercially available cultivars were added to the collection. Two 
different approaches, previously developed for the establishment of core 
collections, were compared: a hierarchical sampling strategy (Parsons et al., 1999) 
and the Maximum genetic diversity program (Marita et al., 2000). In addition, 
randomly sampled datasets were created for comparisons with the two 
systematically selected data sets.  
 
Both of the systematically selected datasets were significantly more diverse than 
randomly chosen sets (Fridman’s test, p < 0.001), but the most diverse set of 
lingonberry specimens (p < 0.001) was obtained when using the Maximum 
diversity program (Table 3). Furthermore, only the subset selected with the 
Maximum diversity program retained all RAPD bands found in the entire set.  
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Table 3. Genetic diversity in the entire plant material (219 accessions) and 
subsamples (69 accessions) obtained by different strategies (modified Table 4, 
paper III). 
 
  Nei’s gene diversity  Shannon’s index 
Entire material  0.300  0.670 
Randomly chosen 
collection (3 data sets) 
0.301–0.304 0.663–0.669 
Hierarchical sampling  
strategy-based collection 
0.322*** 0.698*** 
Maximum diversity-based  
collection 
0.356*** 0.759*** 
 
Moreover, most of the bands with frequencies above 0.5 in the entire collection 
showed decreased frequencies in the subset, while bands with frequencies below 
0.5 increased instead (Fig. 6). Plants with rare RAPD bands should rather be over-
represented than under-represented in a gene bank since they may carry rare genes, 
which can be valuable in plant breeding.  
 
 
 
 
Figure 6. RAPD band frequencies in the entire collection and in the subset obtained by 
using the Maximum genetic diversity program (Figure 3, paper III). 
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Genetic diversity and molecular characterisation of apple 
cultivars 
The apple breeding and research program at Balsgård is dependent on large 
germplasm collections with properly identified accessions. We therefore used 
RAPD, SSR and the S-locus in order to provide some cultivars with DNA-based 
fingerprints. In Paper IV, RAPD markers were used to discriminate among 
cultivars, detect duplicates and mis-labellings and identify genetic relationships 
among cultivars. We also analysed possible differences in inter-cultivar diversity 
caused by varying selection pressures over time and/or in different geographic 
regions. In addition, we compared the genetic diversity within the subset of 
Swedish mandate cultivars with the diversity in the entire set. 
 
In paper V, the specific objectives were to fingerprint 68 mandate cultivars, 
originating from Sweden, using the allelic compositions at some SSR-loci and the 
S-locus, as well as to evaluate the diversity and relationships within this set.  
 
DNA-based cultivar identification  
RAPD and SSR markers allowed to determine if cultivars had arisen through 
genetic recombination or as sports. In both studies, papers IV and V, all cultivars 
presumed to have derived via sexual recombination were distinguished, while the 
known sports had identical molecular profiles with their progenitors in all cases in 
paper IV, and in all but one case in paper V.  
 
Based on molecular marker profiles, we could clarify the case with ‘Spässerud’ 
(first described in 1903) and ‘Särsö’ (first described in 1917), which have long 
been known to be very similar (Nilsson, 1986). These two cultivars showed 
identical molecular profiles (RAPD, SSR and S-locus) and since the fruit flesh 
colour is reported to be somewhat different, we concluded that one of the cultivars 
has been derived as a sport of the other. Furthermore, one obvious case of mis-
labelling was revealed in paper IV: the tree, labelled ‘Grågylling from Skokloster’ 
was instead ‘Alexander’. A similar case had previously been revealed in a small 
RAPD-based study: a tree, labelled as ‘Astrakan, White’ was instead ‘Astrakan, 
Stor Klar’ (Garkava-Gustavsson & Nybom, 2003). The nature of band pattern 
identity was checked for seven pairs of apple cultivars by Hokansson et al. (1998) 
using SSR markers; five pairs contained sport mutations and/or their progenitors, 
in one pair one tree was mis-labelled, and in the last pair, one tree probably had a 
synonymous name or was a sport mutation. 
 
In paper V, 68 indigenous Swedish cultivars were provided with DNA 
fingerprints using the allelic compositions in 11 polymorphic SSR loci and the S-
locus. Seven cultivars: ‘Frösåker’, ‘Holländaräpple’, ‘Kalmar Glasäpple’, 
‘Kinnekulle Kantäpple’, ‘Norrstack’, ‘Villands Glasäpple’ and ‘Vrams Järnäpple’ 
were found to be triploid according to the results of SSR and S-locus analysis, and 
flow cytometry. The previously known ancestry was confirmed for eight cultivars: 
‘Alfa 68’, ‘Alice’, ‘Aroma’, ‘Eva-Lotta’, ‘Katja’, ‘Kim’, ‘Mio’ and ‘Sylvia’.  
 
SSR allele compositions for reference cultivars (paper V) were compared with 
previously published studies and a few discrepancies in allelic composition, and  
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several differences in allele sizes were revealed. These findings can be explained 
either by appearance of minor somatic mutations, since all studies have been 
conducted on different trees, or by experimental artefacts. Experimental artefacts 
can be minimized by registering relative size of alleles instead of absolute (Galli et 
al., 2005; Amos et al., 2007), by use of standard genotypes selected to display a 
diverse allelic range (Cryer et al., 2006), and by use of cloned sequence-specific 
internal DNA standards. The latter is widely used in human clinic and forensic 
studies (Bruland et al., 1999; Leclair et al., 2004) and thus can potentially 
eliminate the problems with allele sizing in international plant research projects. 
 
Pattern of relatedness 
A RAPD-based cluster analysis and a PCO (Fig. 7) did not reveal any clear 
geographic patterns, even though we observed a slight tendency for Swedish and 
foreign cultivars to differentiate (paper IV). Similarly, an SSR-based dendrogram 
failed to produce well-defined clusters in paper V. A corresponding lack of 
association between geographical origin and clustering in a dendrogram has also 
been reported in other crops (Monte-Corvo et al., 2000; Vijayan et al., 2005). Our 
findings indicate that Swedish apple cultivars represent a more or less random set 
of molecular phenotypes and form a broad gene pool possibly due mainly to a high 
level of heterozygosity, numerous crosspollinations between genotypes, extensive 
exchange of plant material between countries and plant breeding programs, and a 
slow turnover of popular genotypes.  
 
 
 
Figure 7. A two-dimensional plot of PCO analysis of 143 individual apple 
genotypes belonging to different historical and geographical groups (all duplicates 
 
On the other hand, many cultivars clustered together with one of their known 
parents or siblings (paper IV), thus suggesting that closely clustering cultivars can 
be regarded as genetically more similar than average cultivars. Thus, in paper V, 
are removed) (Figure 2, paper IV).  
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comparison of allele profiles of two closely clustering cultivars, ‘Hanaskog’ and 
‘Oranie’ suggested that ‘Hanaskog’ could be an offspring of the presumably much 
older ‘Oranie’. The information on genetic relatedness can be useful in character 
screenings: only the most promising genotypes can be targeted instead of 
screening all available accessions. 
 
Genetic diversity  
Overall genetic diversity (paper IV), estimated with Nei’s diversity index, H = 
0.269 and with Shannon’s index H’ = 0.594 based on RAPD data, indicate that 
apple holds average levels of genetic diversity compared to other outcrossing 
species (Nybom & Bartish, 2000; paper II). No major changes in diversity were 
observed over time and space (paper IV), although the group with recent foreign 
cultivars had a significantly lower diversity value when calculated by Shannon’s 
index (H’) (Friedman’s test, P < 0.05)  (Table 4). The group with modern Swedish 
cultivars did however not show the corresponding tendency, which is probably due 
to the rather broad range of cultivars used in breeding programs. 
 
Table 4. Number of investigated apple cultivars (within parentheses the original number 
before duplicates and mislabelled samples had been deleted) used to calculate within-group 
genetic diversity, measured by Nei’s diversity index (H) and Shannon’s index (H’) 
(including standard error) in historically and geographically different groups  (modified 
Table 2, paper IV)  
 
 Group  No.  of 
cultivars 
Nei’s diversity  
index, H 
Shannon’s index, 
H’ 
I  Ancient Swedish  16 (17)  0.260 (0.022)  0.539 (0.042) 
II  Ancient foreign  19 (21)  0.276 (0.023)  0.568 (0.044) 
III  Old Swedish  33 (34)  0.248 (0.023)  0.523 (0.045) 
IV  Old foreign  28 (29)  0.281 (0.022)  0.585 (0.042) 
V  New Swedish  29 (31)  0.270 (0.021)  0.567 (0.038) 
VI  New foreign  18 (19)  0.235 (0.023)  0.493* (0.044) 
     x=0.262  x=0.546 
 
SSR-based estimates of expected heterozygosity (He) within the set of mandate 
cultivars (paper V), (He = 0.74, when all polymorphic loci were included and He = 
0.80, when the less-polymorphic locus in a bilocus system was omitted) were in 
good agreement with previously published values (Liebhard et al., 2002; Galli et 
al., 2005; Guarino et al., 2006). In the S-allele analysis, which is a good 
complement to the other two methods, we identified 14 S-alleles, and allele 
frequencies ranged from 1 to 18%.  
 
Correlation between markers 
SSR markers are generally scored as co-dominant markers and thus analysed as 
alleles in individual loci. However, some studies, especially those involving 
polyploids, instead use phenotypic scoring and registering of SSR fragments 
(McGregor et al., 2000; Ghislain et al., 2006). In paper V, we evaluated the extent 
of congruence for these two approaches. Correlation (Mantel test) between 
distance/similarity coefficients for these two types of scoring, was highly 
significant (r = -0.863, P < 0.001).   
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Comparison of inter-cultivar genetic distances obtained with the two different 
marker systems, SSR (Roger’s genetic distance matrix) and RAPD (Jaccard’s 
similarity matrix) yielded a negative correlation as expected (r = -0.310, P < 
0.001). A positive correlation (r = 0.377, P < 0.001) was obtained when Jaccard 
similarity matrices for the RAPD data and for the phenotypically scored SSR data 
were compared. 
 
Genetic diversity within the apple collection appointed for ex situ 
conservation 
In paper IV, genetic diversity in the subset with 94 mandate cultivars was only 
slightly lower than diversity in the entire set with 151 cultivars. Analysis of RAPD 
band frequencies revealed no general changes: bands that were common in the 
entire set, remained common also in the subset with mandate cultivars, while rare 
bands remained rare as well (Fig. 8). Five RAPD bands were not found in the 
subset of mandate cultivars demonstrating that some gene regions are lacking in 
this subset. The obtained results indicate that the set with mandate cultivars retains 
almost the same amount of variation as a randomly sampled collection would 
have.  
 
 
 
Figure 8. Comparison of RAPD band frequencies in the entire set of apple cultivars (151 
cvs) and in the subset of Swedish mandate cultivars (94 cvs) (Figure 3, paper IV). 
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Conclusions 
Studies on genetic diversity estimated by molecular markers presented within this 
thesis lead to the following conclusions: 
•  Genetic relationships revealed within genus Chaenomeles on cultivated 
and wild plant material were congruent, and in both cases C. japonica 
was clearly differentiated from other species. 
•  Populations of C. japonica and C. speciosa were considerably more 
diverse than populations of C. cathayensis and C. thibetica, probably due 
to different mating systems in these species. Thus, different sampling 
strategies are needed for C. japonica and C. speciosa on the one hand, 
and for C. cathayensis and C. thibetica on the other. 
•  The levels and structure of genetic diversity in lingonberry has been 
found to be in good agreement with the mixed mating system reported for 
this crop. 
•  Significant correlation between genetic and geographic distances was 
observed for the 15 geographically dispersed populations of two 
subspecies of Vaccinium vitis-idaea and for the 13 populations of V. vitis-
idaea ssp. vitis-idaea, derived from locations in Europe and Russia, but 
the correlation was non-significant when 6 Swedish population were 
analysed. 
•  RAPD markers in combination with the Maximum diversity program 
have proven to be useful in creation of a diverse and representative   
lingonberry gene bank.  
•  The apple collection has revealed high overall diversity, which is 
explained by high heterozygosity due to existing self-incompatibility 
system, longevity and diverse origins of cultivars. 
•  No geographic grouping of apple cultivars was observed. 
•  No major differences in diversity were obtained over time and space, but 
the group with recent foreign cultivars had somewhat lower diversity.  
•  The Swedish apple mandate cultivars are apparently quite representative 
for overall genetic diversity in this crop, but addition of carefully selected 
germplasm is nevertheless needed for preservation of genes of special 
interest, like disease resistance etc. 
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Abstract
Genetic relationships were studied among four taxa in the genus Chaenomeles using isozyme
analysis. The band patterns obtained with six polymorphic isozyme systems provided 108 reliable
markers, which were scored as unordered multistate traits. A cluster analysis as well as a
multidimensional scaling analysis grouped the taxa in agreement with previously published results
obtained with RAPD (random ampli®ed polymorphic DNA) analysis; C. japonica and C.
cathayensis were the most distantly related species, whereas C. speciosa took an intermediate
position together with the hybrid taxon C.xsuperba. Similarity matrices obtained with isozymes
and RAPDs, respectively, were closely correlated, r  0.74. The previously noted low level of
RAPD variability in C. cathayensis was indicated also with isozymes. However, the isozyme data
were less ef®cient than the RAPD data for intraspeci®c grouping of the genotypes according to the
origin of the plant material. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Domestication of the genus Chaenomeles (Maloideae, Rosaceae)a sa
horticultural crop has recently been initiated in Europe and in Asia. Various
species and species hybrids of Chaenomeles are now grown for the production of
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PII: S0304-4238(99)00122-3valuable aroma compounds and an acid juice in Latvia and Lithuania (Rumpunen
et al., 1998) and China (Wang et al., 1997, 1998). The large amount of high
quality polysaccharides in the fruits makes this crop a promising candidate also
for the manufacture of marmalades and pectins provided that well adapted, high
yielding varieties can be developed.
All Chaenomeles species are diploid, 2n  34, and presumed to be outcrossing
but the mating system is not yet well studied. Interspeci®c hybridization produces
fertile offspring in all combinations so far tried, and several hybrid taxa have
consequently been described (Weber, 1964). A strong self-incompatibility system
prevails in C. japonica (Rumpunen et al., 1998). There is also some evidence of
self-incompatibility in C. speciosa and in various hybrids (Weber, 1964).
A large collection of Chaenomeles genotypes has been gathered at Balsga Êrd Ð
Department of Horticultural Plant Breeding, Sweden, from orchards and
botanical gardens around the world to provide a basis for a joint North-European
plant breeding program. Three species, C. japonica (Thunb.) Lindl. (Japanese
quince), C. speciosa (Sweet) Nakai (¯owering quince), and C. cathayensis
(Hemsl.) Schneider (Chinese quince) as well as the hybrid taxon C.xsuperba are
represented in this collection. The fourth Chaenomeles species mentioned in the
most recent check list of the subfamily Maloideae (Phipps et al., 1990), C.
thibetica Yu È, has unfortunately not yet been incorporated in this plant collection.
The present study investigates the feasibility of using isozyme analysis for
characterization of genetic diversity among taxa, accessions, and individual
plants of Chaenomeles. Only one minor isozyme study has previously been
reported in Chaenomeles (Ponomarenko, 1990). We also aimed to compare
isozyme data with previously published RAPD data on the same plant material
(Bartish et al., 1999), and to estimate the ef®ciency of these two marker systems.
2. Materials and methods
2.1. Plant material
A total of 42 genotypes were investigated representing four taxa in
Chaenomeles: C. cathayensis, C. japonica, C. speciosa and C.xsuperba. The
plant material used (Table 1) was the same as described in Bartish et al. (1999)
except for genotypes RG 4-37 and RG 4-48 (replaced by RG 4-43 and RG 4-54),
RG 4-29 and RG 4-30 (replaced by RG 4-126 and RG 4-125). The new genotypes
were from the same accessions as the previously analysed plants which had
unfortunately been killed by winter frost. The plant material was obtained from
the Chaenomeles core collection maintained at Balsga Êrd Ð Department of
Horticultural Plant Breeding. One-year-old shoots were taken in the ®eld in
January when dormancy had been terminated. Phloem tissue was sampled from
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forced in a greenhouse at 15±208C for 3±4 weeks.
2.2. Enzyme extraction
Fresh phloem tissue (1 g) or leaves (1 g) were ground with liquid nitrogen in
pre-cooled mortars and 3 ml of extraction buffer was added. Extraction from
phloem tissue was carried out according to Boscovic et al. (1994). Extraction
from leaves was carried out with an 0.05 M sodium phosphate buffer (adjusted to
pH 7.2 with HCl), containing 0.03% DL-dithiothreitol (DTT), 0.075% b-
Table 1
Plant accessions of Chaenomeles
Taxon Accession Symbol Genotype, origin
C. cathayensis 8 * RG 4-37/125, RG 4-48/126 Botanisk Have,
Denmark
C. cathayensis 9 * RG 4-58, RG 4-66 Botanischer Garten,
Essen, Germany
C. cathayensis 7 RG 4-29/43, RG 4-30/54 Botanischer
Garten, Stuttgart, Germany
C. speciosa 10 RG 4-79, RG 4-80, RG 4-83, RG 4-89
Hortus Zoologius Pragensis, The Czech
Republic
C. speciosa 11 RG 1-8, RG 1-10 Kyoto Takeda Herbal
Garden, Japan
C. x superba 12 ~ RG 2-28, RG 2-30, RG 2-32, RG 2-42, RG
2-43 Botanischer Garten, Stuttgart, Germany
C. x superba 13 RG 4-119 Botanischer Garten, Stuttgart,
Germany
C. x superba `Pink Lady' 14 ~ BG 1-1 The Elite Plant Station, Sweden
C. japonica 1 RG 3-57, RG 3-58, RG 3-59, RG 3-62, RG
3-63, RG 3-64 Botanical Garden, Uppsala,
Sweden
C. japonica 4 o BE 4-22, BE 7-33 Domesticated population,
Babtai, Lithuania
C. japonica 5 & RG 5-31, RG 5-34, RG 5-36, RG 5-37, RG
5-39, RG 5-40 Domesticated population,
Smiltene, Latvia
C. japonica 6 RG 7-21 Domesticated population,
Smiltene, Latvia
C. japonica 2 & RG 1-134, RG 1-142, RG 1-145 Sendai
Botanical Garden, Japan
C. japonica 3 RG 4-21, RG 4-35, RG 4-41, RG 4-50, RG
4-60 Salaspils Botanical Garden, Latvia
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sucrose. For both kinds of tissue, samples were centrifuged (7000 rpm) for 20 min
at 28C and the supernatant was collected and kept at ÿ208C until used.
2.3. Electrophoresis
Isozyme analysis was carried out by electrophoresis in polyacrylamide gels
(16 cm  18 cm, 15 wells, 0.75 mm thick). Density gradient gels, 5.8±11.8%,
were prepared according to Boscovic et al. (1994) and 7.5% gels were prepared
according to Davis (1964). Electrophoretic separation was carried out at 48C with
a running time of 3.5±4 h at 30 mA on LKB 2001 vertical electrophoresis unit
with LKB 2003 power supply. All samples were electrophoresed twice.
2.4. Gel staining
The enzyme assay procedures for acid phosphatase (ACP, EC 3.1.3.2),
superoxide dismutase (SOD, EC 1.15.1.1), malic enzyme (ME, EC 1.1.1.40), and
esterases (EST, EC 3.1.1.-) were as described by Wendel and Weeden (1989).
Alcohol dehydrogenase (ADH, EC 1.1.1.1), alkaline phosphatase (AKP, EC
3.1.3.1), glucose-6-phosphate dehydrogenase (G-6-PDH, EC 1.1.1.49), glucose-
6-phosphate isomerase (GPI, EC 5.3.1.9), glutamate dehydrogenase (GDH, EC
1.4.1.2), glutamate oxaloacetate transaminase (GOT, EC 2.6.1.1), isocitrate
dehydrogenase (IDH, EC 1.1.1.42), malate dehydrogenase (MDH, EC 1.1.1.37),
shikimate dehydrogenase (SKDH, EC 1.1.1.25), phosphogluconate dehydrogen-
ase (PGD, EC 1.1.1.44) and phosphoglucomutase (PGM, EC 5.4.2.2) were
stained according to Vallejos (1983). Peroxidase (PRX, EC 1.11.1.7) was stained
with 0.091% benzidine in 0.32 M sodium acetate buffer adjusted to pH 5.4, and
bands were revealed with 0.01% hydrogen peroxide. All isozyme systems except
SOD were stained in the dark at 37±388C. SOD were stained under light after
dark treatment at the same temperature as the other systems. Gels stained for
PRX, ACP, EST and GOT were ®xed in 95% ethanol and 30% glycerol, whereas
gels stained for the other enzyme systems were ®xed in 40% glycerol when a
suitable band intensity had been attained.
2.5. Data analysis
Data were collected immediately when gels had been ®xed. Only clear and
consistent isozyme bands were scored. Band patterns from each zone of activity
were numbered in ascending order starting with the fastest migrating band for
each enzyme system and scored as unordered multistate traits (Beer et al., 1993;
Strefeler et al., 1996a,b). Thus a matrix for genotypes and isozyme systems was
constructed with ``1'' (presence) and ``0'' (absence) for each isozyme band.
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used for the statistical analyses. Cronbach's a (procedure reliability, SPSS) was
used to investigate the raw data and remove unreliable bands before further
statistical treatment.
Jaccard's coef®cient of similarity was calculated for all pairwise comparisons
between individual samples to provide a distance matrix. A cluster analysis based
on average linkage between groups (unweighted pair group method algorithm,
UPGMA) was constructed based on this matrix, and a dendrogram was produced.
A multidimensional scaling analysis (MDS) was conducted (procedure alscal,
SPSS) using a genetic distance matrix obtained from the binary data set with
negated and rescaled (0±1) values for Jaccard's coef®cient of similarity. A scaling
solution with three dimensions was used in our study.
Correspondence between the two distance matrices obtained here with
isozymes and previously with RAPDs (Bartish et al., 1999), respectively, was
analysed with the MXCOMP procedure (NTSYS) which produces the Pearson
product-moment correlation, r, and the Mantel test statistic, Z. If the two matrices
show similar relationships, Z is large in comparison to chance expectation. The
estimated Z was compared with its permutational distribution obtained from 9999
random samples of all possible permutations of the matrices.
A combined matrix was also produced, including the present isozyme data as
well as the previously obtained RAPD data. The MXCOMP procedure was used
on each data set separately as well as on the combined data set to obtain the
cophenetic correlation between the UPGMA matrix and the distance matrix as a
measure of goodness of ®t for the cluster analysis.
2.6. Experimental error
The fact that four C. cathayensis genotypes had to be replaced in the present
isozyme study due to death of plants used in the RAPD study, may have biased
some of the results. However, this bias is probably insigni®cant since C.
cathayensis appears to be the least variable species, and since the new genotypes
were selected from the same accessions as the original plants.
3. Results
Initially, starch gel electrophoresis was used for some systems but suf®cient
resolution was only obtained for MDH and ACP. For other systems the resolution
was poor or there was no activity. Moreover, the isozyme patterns obtained for
MDH and ACP with starch gel electrophoresis were less polymorphic than the
patterns obtained with polyacrylamide gels. Therefore, only data derived from
polyacrylamide gels were used in this study.
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Thirteen (ACP, ADH, AKP, EST, GDH, GOT, G-6PDH, IDH, MDH, PGM,
PRX, SKDH and SOD) of the 16 isozyme systems initially tested showed enzyme
activity. Based on these preliminary investigations, four systems (ACP, EST,
MDH and PRX) were selected which consistently yielded good resolution, clear
bands and reproducible pro®les both for phloem and leaf tissue. In addition, PGM
was selected for analysis of leaf extracts and GOT was selected for analysis of
phloem extracts (Table 2). Other isozyme systems did not result in suf®cient
resolution or produced inconsistent band patterns. For PRX, a discontinuous
electrophoretic system was used while for ACP, EST, GOT, MDH and PGM a
gradient system resulted in the best resolution.
More than one zone of activity was observed for all the selected isozyme
systems. These zones of activity were probably the result of different isozyme
loci but this was not analysed further.
Acid phosphatase. Four monomeric zones and one dimeric zone of activity
were observed for ACP in the phloem extracts. Twelve bands were scored in the
monomeric zones but no suf®ciently clear bands could be scored in the dimeric
zone. All C. cathayensis genotypes had the same ACP pro®le, but this system was
polymorphic for the other taxa.
Leaf extracts yielded four monomeric zones that seemed homologous to the
zones produced by phloem extracts. However, with leaf extracts one additional
fast migrating zone was obtained. Leaf extract-derived bands in the dimeric zone
stained faintly. Altogether 14 polymorphic bands were selected for scoring from
leaf extracts.
Esterases. a-esterase activity was detected in both leaf and phloem extracts
whereas b-esterase activity was detected only in the phloem extracts.
Table 2
Number of total bands and number of polymorphic bands for each of the six isozyme systems
studied
Isozyme system Total bands Polymorphic bands
Leaves Phloem Leaves Phloem
ACP (EC 3.1.3.2) 15 12 14 12
EST (EC 3.1.1.-) 17 12 14 12
GOT (EC 2.6.1.1) ± 10 ± 10
MDH (EC 1.1.1.37) 8979
PER (EC 1.11.1.7) 17 19 15 16
PGM (EC 5.4.2.2) 6±6±
Total bands 63 62 56 59
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in the phloem extracts. In total, seven clear and consistent bands were scored, of
these six were in the cathodal zone. All C. cathayensis genotypes had the same
cathodal a-esterase pro®le, which differed from pro®les of other species. All C.
speciosa and C.xsuperba genotypes had one intensely stained a-esterase band in
the anodal zone. The C. cathayensis genotypes also had this band, but stained less
intensely. Only three out of 23 genotypes of C. japonica had this band.
b-esterase showed two zones of activity in the phloem extracts, one fast
migrating and one slowly migrating. The slowly migrating zone had poor
resolution and was not taken into account for this study. In total ®ve polymorphic
bands were scored. C. cathayensis had one monomorphic band in the fast
migrating zone, whereas C.xsuperba and C. japonica genotypes had another
band. C. speciosa genotypes each had two or three bands in this zone.
At least seven zones of a-esterase activity were observed in the leaf extracts.
Six of these zones together yielded 17 well separated bands, but the three fastest
migrating bands were monomorphic. Thus, fourteen polymorphic bands were
scored.
Glutamate oxaloacetate transaminase. Ten bands representing four zones were
found for GOT in the phloem extracts. Leaf extracts yielded only one active zone.
Malate dehydrogenase. Up to four zones of MDH activity were observed in the
phloem extracts and nine bands were scored, all of them polymorphic. In the leaf
extracts, eight bands were well separated and seven of these were polymorphic.
Peroxidase. Seven zones (PRX-1±PRX-7) and 19 bands of peroxidase activity
were observed in the phloem extracts. The same seven zones were found also in
the leaf extracts but here the activity in PRX-1 and PRX-2 zones was very low.
PRX-5 and PRX-6 zones were monomorphic. C. cathayensis had one major band
with very high staining intensity in the PRX-4 zone. This band, however, less
intensely stained, was also found in the C. speciosa and C.xsuperba genotypes
but not in any of the C. japonica genotypes.
Phosphoglucomutase. Two zones of activity were observed for PGM in the leaf
extracts, but only one of them was well resolved. Six bands were consistent and,
therefore, selected for scoring. PGM activity was found also in the phloem
extracts, but resolution was not suf®cient to allow reliable scoring.
Based on the calculations of Cronbach's a, seven out of 115 initially scored
bands (6%) were removed from our data set. The remaining bands resulted in a
matrix of 42 genotypes and 108 bands, representing six isozyme systems, which
were then used for the further analyses.
3.2. Multivariate analyses
The cophenetic correlation for the cluster analysis was high, r  0.90,
indicating a very good ®t of the data. The 42 genotypes were divided into three
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similar to each other and formed the most distant cluster. Another major cluster
was formed by C. japonica. Genotypes of C. speciosa and C.xsuperba clustered
together. Inside the major clusters, genotypes generally grouped according to the
origin of the plant material.
The three-dimensional MDS yielded a plot of dimension 1 vs 2 (Fig. 2) with
three main groups, which were in good agreement with the cluster analysis. C.
Fig. 1. Dendrogram based on UPGMA analysis of genetic similarity estimates (Jaccard's
coef®cient) for isozyme data, showing relationships among individual plants. The 42 genotypes are
classi®ed into three major clusters. C. cathayensis (*) form the most distant cluster. Another major
cluster is formed by C. japonica (&). Genotypes of C. speciosa (r) and C.xsuperba (~) cluster
together.
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speciosa and C.xsuperba together formed a third group.
3.3. Comparing isozyme and RAPD data
The Pearson product-moment correlation coef®cient calculated between the
elements of the distance matrices for the isozyme data here presented and
the RAPD data previously reported (Bartish et al., 1999) was r  0.74. In
addition, no estimate of Z from 9999 random permutations of the matrices was
equal to or larger than the observed Z (16.9). In conclusion, the two data sets thus
provided highly corresponding estimates of genetic relationships among the 42
genotypes.
3.4. Combining isozyme and RAPD data
When the isozyme and RAPD data sets were combined in one matrix, the
cophenetic correlation coef®cient reached r  0.91 indicating a very good ®t of
data for the cluster analysis. The resulting dendrogram (Fig. 3) was in very good
Fig. 2. Plot of MDS analysis of genetic similarity estimates (Jaccard's coef®cient) for isozyme
data, showing groups among individual plants. C. cathayensis (*) and C. japonica (&) form two
well-separated groups, whereas C. speciosa (r) and C.xsuperba (~) together form a third
intermediate group.
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according to accession or postulated relatedness. However, one accession
(number 10) of C. speciosa was split in two different groups in the combined
data set (Fig. 3) whereas in the isozyme data set (Fig. 1) the four genotypes (RG
4-79, RG 4-80, RG 4-83 and RG 4-89) clustered together.
Fig. 3. Dendrogram based on UPGMA analysis of genetic similarity estimates (Jaccard's
coef®cient) for the combined data set (isozymes and RAPDs), showing relationships among
individual plants. The dendrogram is in good agreement with the taxonomy, and the genotypes in
most cases cluster according to accession or postulated relatedness. C. cathayensis (*) form the
most distant cluster. Another major cluster is formed by C. japonica (&). Genotypes of C. speciosa
(r) and C.xsuperba (~) cluster together except for one accession of C. speciosa (!) which is
split in two groups of which genotype RG 4-83 and RG 4-79 form an intermediate group to C.
cathayensis.
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Six isozyme systems were found that are useful for characterization of genetic
resources and to investigate genetic relationships among and within groups of
closely related Chaenomeles taxa. In addition, some of the initially tested
isozyme systems could probably also yield useful data with further improvement
of the methodology. Some other isozyme systems, that have been used
successfully in apples (Chevreau et al., 1999), pears (Chevreau et al., 1997)
and different Prunus species (Mowrey et al., 1990, Mowrey and Werner, 1990;
Granger, 1996), could also be tried on Chaenomeles.
When integrating isozyme band patterns for the same isozyme system for
different tissues (such as leaves and phloem) in the same data set there is a
possibility that results may be biased. Some loci may be expressed in both tissues
and thus could be scored twice. However, the pro®les obtained for the different
tissues were clearly different within the isozyme systems studied except for
peroxidase. To completely avoid such bias, only the tissue yielding the most
polymorphic isozyme pattern should be selected but at the same time valuable
information from additional tissue speci®c loci may be lost. A better strategy
would thus be to score the tissue speci®c loci from each tissue together with the
common tissue unspeci®c loci. To perform such an investigation unambiguously
it is, however, necessary to have complete knowledge on the inheritance of the
loci. Such information can only be obtained from an analysis of plant material
derived through controlled crosses (Manganaris and Alston, 1992c).
The bands were not scored as loci and alleles since the genetic background of
the different isozyme systems employed is not yet known in Chaenomeles.
However, scoring of band patterns as unordered multistate traits has previously
proved to be useful for studies where loci cannot be unambiguously identi®ed
(Beer et al., 1993; Strefeler et al., 1996a,b). Consequently, this approach was
considered appropriate also for the present investigation. In addition, highly
variable multilocus systems such as esterases and acid phosphatase are dif®cult to
score in any other way since homologous loci often cannot be identi®ed between
taxa (Weeden and Lamb, 1987). Nevertheless, these systems are quite useful for
providing numerous, highly polymorphic bands.
4.1. Multivariate analysis
Cluster analysis and MDS of the isozyme data yielded rather similar results. C.
cathayensis and C. japonica appear to be the most distantly related species,
whereas C. speciosa clustered together with C.xsuperba. However, despite the
large number of isozyme markers employed in this study, only some association
was found between origin of the plant material and the intraspeci®c variability
according to the cluster analysis and MDS, respectively.
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Our isozyme data partitioned genetic diversity in Chaenomeles in almost the
same way as previously reported with RAPD markers (Bartish et al., 1999).
However, some differences were observed. Isozyme data yielded a more compact
clustering of C. cathayensis genotypes, thus suggesting even less genetic
variability than indicated with RAPD data. By contrast, C. japonica genotypes
clustered less densely when isozyme data was used compared to RAPD data.
Both data sets placed C. speciosa and C.xsuperba close together, and in an
intermediate position between C. cathayensis and C. japonica. However, a more
compact cluster was obtained for C. speciosa and C.xsuperba with isozyme data
than with RAPD data. Intraspeci®c variation was more closely associated with
origin of the analysed plant material when based on RAPD data compared to
when based on isozyme data. These ®ndings are in agreement with studies on
several other species (Heun et al., 1994; Maass and Klaas, 1995; Staub et al.,
1997).
Rather few investigations have been published on the correlation between gene
diversity estimates obtained with isozymes and RAPDs on woody plants. RAPDs
are considered to be selectively neutral and to sample the total genome randomly
(Dawson et al., 1995) but there are drawbacks due, for example, to their dominant
nature. The distance matrices based on isozyme and RAPD data, respectively,
were well correlated (r  0.74) in our investigation. Complete congruence in
diversity estimates was found in black spruce (Picea mariana) when enzyme loci
and RAPD loci were studied in haploid plant tissue, whereas biased estimates
were obtained with dominant RAPD phenotypes (Isabel et al., 1995). Estimates
on intraspeci®c variability should, therefore, be considered as preliminary when
based on unordered isozyme data or on RAPD phenotypes. Moreover, the
sampling error may be rather large because of unknown genetic relationships
among our genotypes and because of unknown linkage between isozyme loci.
4.3. Combining isozyme and RAPD data
Combining isozyme data and RAPD data may not always be appropriate for
analysis at the interspeci®c level since co-migrating RAPD bands from different
species could be non-homologous (Rieseberg, 1996). In our investigation, the
same argument can be applied to the isozymes since we scored these as unordered
multistate traits. However, goodness of ®t for the cluster analyses, measured as
the cophenetic correlation coef®cient, was even slightly higher when based on
combined data (r  0.91) as compared to only isozyme data (r  0.90) or only
RAPD data (r  0.85). Moreover, the genotypes of the most studied taxon, C.
japonica, clustered more closely according to accession when the combined data
set was used. Thus genotypes from Sendai, Japan (RG 1-142, RG1-145 and RG 1-
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(RG4-21, RG 4-35, RG 4-41, RG 4-50 and RG 4-60) formed a second cluster,
genotypes from Salaspils Botanical Garden, Latvia (RG 3-57, RG 3-58, RG 3-59,
RG 3-62, RG 3-63 and RG 3-64) formed a third cluster, and partly domesticated
plants originating from three ®elds in Latvia and Lithuania formed a fourth
cluster. Obviously the mass selection applied in open pollinated populations in
farmers' ®elds has had an impact on the plant material which, it was claimed, had
originated from European botanical gardens about three to four generations ago.
Morphologically the domesticated plant material differed from wild plants by
having almost thornless twigs.
Based on the combined data set two genotypes of C. speciosa (accession
number 10) were clustered in an intermediate position between the C. cathayensis
cluster and the C. speciosa / C.xsuperba main cluster whereas based on isozyme
data all four genotypes in the accession were clustered into one group within the
C. speciosa / C.xsuperba main cluster. This result demonstrates the higher
discriminating power of RAPDs compared to isozymes since the same separation
was obtained also when only RAPD data were used (Bartish et al., 1999). The
result indicates a hybrid origin of the accession which is a possible consequence
of spontaneous cross pollination taking place in the botanical garden from which
the seeds were obtained.
5. Conclusion
The isozyme analysis resulted in almost the same estimates of genetic diversity
as previously reported for RAPD markers. Taking into account the comparatively
low cost of chemicals and the high ef®ciency and reliability, isozyme analysis
appears to be useful for genetic and taxonomic investigations of the genus
Chaenomeles. A drawback is the relatively low number of useful systems, which
limit the number of polymorphic loci to be studied.
Further investigations are needed to clarify the genetic control of the isozyme
systems in Chaenomeles, as previously conducted in several closely related
genera like Pyrus (Chevreau et al., 1997,1999) and Malus (Weeden and Lamb,
1987; Manganaris, 1989; Manganaris and Alston, 1992a,b,c; Manganaris and
Alston, 1997). This would allow the interpretation of zymograms as alleles and
loci, thus raising the information content considerably.
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ous markers have been used for the first time to investi-
gate patterns of phenetic and genetic differentiation
among and within nine wild populations of the genus
Chaenomeles represented by the species C. japonica, C.
speciosa, C. cathayensis and C. thibetica. Highly signifi-
cant correlations were found between the two different
marker systems for both phenetic distances and gene di-
versity estimates. In agreement with previous studies on
cultivated Chaenomeles material, C. japonica was clear-
ly differentiated from C. speciosa and C. cathayensis.
The recently recognised species C. thibetica appeared to
be rather closely related to C. cathayensis. Populations
of C. japonica and C. speciosa were considerably more
diverse than populations of C. cathayensis and C. thibe-
tica. Correspondingly, most of the total variability could
be attributed to the within-population differentiation in
the case of C. japonica and C. speciosa, and to the be-
tween-population differentiation in the case of C. catha-
yensis. Differences in mating systems among the species
can be suggested as a possible explanation of the results.
A discordant pattern was found between RAPDs and iso-
zymes in the analyses of population structure within C.
japonica. This may be explained by a higher proportion
of non-neutral markers for isozymes than for RAPDs.
This finding also shows the importance of using multiple
molecular marker systems in studies of population
structure.
Key words Gene diversity · Isozyme · Non-neutrality ·
RAPD · Rosaceae
Introduction
Chaenomeles is a genus within the subfamily Maloideae
comprising four diploid (2n=34) species (Phipps et al.
1990). One species is endemic to Japan, and three origi-
nate in central Asia. Presently they are being investigated
for possible domestication and improvement through
breeding in northern Europe. The plants within the genus
Chaenomeles are all moderate-sized shrubs adaptable to
cultivation in temperate areas. C. japonica (Thunb.) Lindl.
ex Spach (Japanese quince) is outcrossing and strongly
self-incompatible (Rumpunen et al. 1999). The mating
system has not yet been properly investigated for the other
species in the genus. C. speciosa (Sweet) Nakai (flower-
ing quince) is a traditional medicinal plant (Anonymous
1989) and grows in Central and southern China, Tibet and
Burma. Recently it has also become cultivated in eastern
China (Wang et al. 1998). In the province of Yunnan, C.
speciosa grows sympatrically with C. cathayensis
(Hemsl.) Schneider (Chinese quince), the largest shrub in
the genus, which can also be found in Bhutan and Burma.
The fourth species, C. thibetica Yü (Tibetan quince), first
described in 1963 (Yü and Kuan) and included in the most
recent check list of the subfamily Maloideae (Phipps et al.
1990), grows in Tibet and western Sichuan. C. japonica,
C. cathayensis and C. speciosa have been used to create
several interspecific hybrids for 400 years, resulting in
more than 500 cultivars (Weber 1963), which today are
widely appreciated as ornamentals.
Efficient methods to clarify the taxonomic status of
both the wild and the cultivated material are much need-
ed. Insights into the relative gene diversity among and
within wild populations of Chaenomeles would be useful
in plant breeding and also for the development of strate-
gies for ex situ conservation of plant genetic resources.
Molecular markers [random amplified polymorphic
DNAs (RAPDs) and isozymes] have recently been used
to evaluate gene diversity in plant samples of three spe-
cies of Chaenomeles: C. cathayensis, C. japonica and C.
speciosa. The accessions were obtained from several bo-
tanical gardens, and included samples of domesticated
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populations (Bartish et al. 1999b, Garkava et al. 2000).
Both marker systems appeared to be useful in the dis-
crimination of accessions. Cluster and multidimensional
scaling analyses yielded similar results for the two molec-
ular marker methods (Garkava et al. 2000). The two
methods also showed a concordant pattern of relative di-
versity within species. C. japonica and C. speciosa were
found to be considerably more diverse than C. cathayen-
sis. However, because of possible interspecific hybridisa-
tion among accessions from botanical gardens, it was not
clear to what extent the obtained results would be repre-
sentative for indigenous populations of Chaenomeles.
Isozymes and RAPDs are among the most frequently
used molecular markers for taxonomic and systematic
analyses of plants. Correspondence between results with
nuclear DNA and isozyme markers using cluster and or-
dination analyses of the same plant sample is generally
moderate (Heun et al. 1994), but highly correlated esti-
mates of genetic distances have been reported between
RAPD and isozyme datasets (Lifante and Aguinagalde
1996). Some authors have considered RAPD-based anal-
ysis to be more definitive in its separation of clusters
than isozyme-based analysis (Heun et al. 1994), mostly
because RAPDs yield lower coefficients of variation
than isozymes and thus allow for a higher level of dis-
crimination (Staub et al. 1997). A different view was ex-
pressed by Chan and Sun (1997), who suggested that the
reliability of RAPD and isozyme data is comparable at
the intraspecific level but that at the interspecific level
RAPD markers are less suitable for studying phylogenet-
ic relationships than both isozyme and restriction frag-
ment length polymorphism (RFLP) markers.
When population structure is being investigated, dif-
ferent molecular marker systems and the interpretation
of the scored fingerprints as phenetic or genetic data
may produce different results. Gene diversity estimates
obtained from RAPDs may be higher than those ob-
tained from isozymes (Aagaard et al. 1998) because ”an
inherently higher rate of detectable mutations and weak-
er degree of selective constraint at RAPD compared to
allozyme loci”. Furthermore, estimates of among-popu-
lation differentiation could be inflated when based on
RAPD phenotypes compared to RAPD and isozyme ge-
notypes (Isabel et al. 1999). Several studies have also
questioned the neutrality of isozyme loci, suggesting
that both balancing (Karl and Avise 1992; Raybould et
al. 1996) and diversifying (Berry and Kreitman 1993;
Lönn 1993; Le Corre et al. 1997) selection may operate
on some of the enzymes. The simultaneous application
of both techniques thus seems to be a more reliable ap-
proach when estimating population parameters and phy-
logenetic relationships, as indeed has been advocated
by, for example, Chan and Sun (1997) and Ayres and
Ryan (1999).
The purpose of our investigation was: (1) to determine
population structure and gene diversity for species and
populations within Chaenomeles, and (2) to investigate
the correspondence between RAPD- and isozyme-based
datasets in analyses of phylogenetic relationships, popu-
lation structure and relative gene diversity estimates.
Materials and methods
Plant material
All of the accessions were collected in the wild in China and Ja-
pan during the autumn of 1997, except for P9801, P9802 and
P9803, which were purchased from local markets (the fruits had
been collected in the nearby mountains). Only one fruit, with nu-
merous seeds, was picked from each shrub. The seeds from one
fruit were presumed to constitute a family. Following cold stratifi-
cation, the seeds were germinated in a greenhouse. When the seed-
lings were 3 months old, 7 plants from each of three randomly se-
lected families per population were sampled for molecular analys-
es. However, one of the populations (P9724), was represented by
only one family (of 21 seedlings to achieve a more balanced plant
sampling). Altogether, 189 plants representing nine populations of
C. japonica, C. speciosa, C. cathayensis and C. thibetica were ini-
tially sampled (Table 1). One-year old plants were used for iso-
zyme extractions. Since 4 plants died before being sampled for
isozyme analysis (1 plant per family in two families of population
P9702 and in two families of population P9801), the total number
of plants used in both analyses was 185.
Table 1 Accession identity
(ID), number of individuals and
origin of the nine Chaenomeles
populations investigated
ID Individuals Species Origin (co-ordinatesa,b and altitude)
P9701 21 C. japonica Shionomuro, Imaichi, Tochigi, Japan
(36°45’N, 139°48’Ea; 275 m)
P9702 19 C. japonica Noguchi, Nikko, Tochigi, Japan
(36°45’N, 139°43’Ea; 450 m)
P9724 21 C. japonica Ibuki, Shiga, Japan
(35°15’N, 136°20’Eb; 900 m)
P9801 19 C. speciosa Zhenyuan, Yunnan, China
(23°50’N, 101°10’Eb; 1800–2300 m)
P9802 21 C. speciosa Hutiaoxia, Zhongdian, Yunnan, China
(27°50’N, 99°30’Eb; 1800–2100 m)
P9803 21 C. cathayensis Hutiaoxia, Zhongdian, Yunnan, China
(27°50’N, 99°30’Eb; 1800–2100 m)
P9804 21 C. cathayensis Caojian, Yunlong, Yunnan, China
(25°35’N, 98°05’Eb, 2500–2600 m)
P9805 21 C. speciosa Dali, Yunnan, China
(25°35’N, 100°10’Eb; 1900–2400 m)
P9806 21 C. thibetica Yi’ong, Bomi, Tibet
(30°00’N, 95°00’Eb; 2500 m)
a Precise
bEstimated556
Isozyme analysis
Enzymes were extracted from leaflets and phloem tissue, and
polyacrylamide gel electrophoresis was carried out as previously
described (Garkava et al. 2000).
The enzyme assay procedures for acid phosphatase (ACP, EC
3.1.3.2), and esterases (EST, EC 3.1.1.-) were as described by
Wendel and Weeden (1989). Glutamate oxaloacetate transaminase
(GOT, EC 2.6.1.1), shikimate dehydrogenase (SKDH, EC
1.1.1.25), and phosphoglucomutase (PGM, EC 5.4.2.2) were
stained according to Vallejos (1983). Peroxidase (PRX, EC
1.11.1.7) was stained with 0.09% benzidine in 0.32 M sodium ace-
tate buffer adjusted to pH 5.4, and bands were revealed with
0.01% hydrogen peroxide. All isozyme systems were stained in
the dark at 37°–38°C. Bands were scored visually as presence and
absence of a marker.
DNA extraction and polymerase chain reaction (PCR)
amplification
Young unexpanded leaves (5–15 mg per individual) were collect-
ed, placed into an Eppendorf tube (1.5 ml) and stored at –80°C.
Leaves were ground with a minipestle to a homogenate in
200–250 µl of 2×CTAB extraction buffer and incubated for 45 min
at 65°C. From this point on all procedures for DNA extraction and
PCR amplification followed the previously described method of
Bartish et al. (1999b). The only exception was the use of a differ-
ent thermocycler, PTC–100 TM (MJ Research).
Ten primers were selected out of 100 (Operon Technologies sets
A, B, D, E, F) that had been tested previously (Bartish et al. 1999b).
The main criterion for selection was reproducibility of amplification.
However, some bias in the direction of higher polymorphism among
RAPD markers generated by the primers used in the present study
(compared to random sampling of primers) cannot be excluded.
Products of amplification from DNA samples of families from
different populations were run on the same gel. In all cases, except
population P9803, separate families from the same population
were analysed on separate gels. For each primer, three samples of
each population were replicated in different PCR experiments and
analysed on separate gels. Products of PCR amplification were
scored visually as presence or absence of a marker. Bands of iden-
tical size, amplified with the same primer, were considered to be
homologous. Bands, which were very faint and rare (frequency
less than 3%), were not included into the analysis.
Data analysis
Binary data matrices were produced from the scored isozyme and
RAPD markers for individual plants. Phenotype frequencies of
molecular markers within families of C. japonica and within the
total sample of populations and species were calculated and used
to create datasets of marker frequencies. The datasets were used to
compute phenetic (Euclidean) distances among populations (or
families in the case of C. japonica) according to the method of
Harrison et al. (1997) and Hancock and Bringhurst (1979) for
RAPD-based and isozyme-based data, respectively. This approach
allows evaluation of phylogenetic relationships between popula-
tions when precise genetic data for molecular markers are absent.
In addition, a RAPD-based dataset of null allele frequencies
within populations was produced for the whole material. The
markers were considered to represent separate loci. Null allele fre-
quencies were calculated for these markers in accordance with
Lynch and Milligan (1994) and Bartish et al. (1999a). The dataset
of RAPD null allele frequencies for populations was then used to
compute Nei’s genetic distances (Nei 1972) among populations.
All datasets were analysed with NTSYS-pc software (version
1.8, Rohlf 1997). The SAHN programme from this package was
used to produce UPGMA dendrograms from each of two phenetic
distance matrices and one genetic distance matrix to show the
amount of relatedness among populations and species. Principal
co-ordinate analysis (DCENTER and EIGENVECTOR programmes) was
run for each of the two matrices of phenetic distances among pop-
ulations, and for two more matrices of phenetic distances among
families within C. japonica. We used this analysis to obtain addi-
tional information about interpopulation relations, which was re-
vealed by different methods. For graphical representation of prin-
cipal co-ordinate analyses, two-dimensional plots for families and
three-dimensional plots for populations were produced by NTSYS.
We used the matrix of null allele frequencies within populations
from the RAPD dataset for cluster analysis in PHYLIP 3.573c software
(Felsenstein 1993). The matrix was bootstrapped to produce 100 ran-
dom matrices, and Nei’s genetic distances (1972) were calculated by
GENDIST from PHYLIP for each of the 100 bootstraps. These matrices
were subjected to cluster analysis in the NEIGHBOR programme from
PHYLIP with the neighbour-joining algorithm. A strict consensus tree,
summarising the relationships described by all 100 resampled data-
sets (with bootstrap support for each node), was finally produced.
Two of the most frequently used approaches in RAPD analysis
were employed to evaluate gene diversities on both RAPD and iso-
zyme datasets: estimates of unbiased values of expected heterozy-
gosity, as in Lynch and Milligan (1994), and Shannon’s index, as in
Bussell (1999). Monomorphic markers were included into the
Shannon’s index calculations as suggested by Bussell (1999), in or-
der to standardise values and enable comparisons between studies
in which a different number of markers were recorded. We used the
modified standardisation procedure suggested by Liu and Furnier
(1993) because the diversity of the total plant sample may have a
substantial influence on within-population diversity estimations
(Bartish et al. 1999c). Since portions of the genome that are mono-
morphic for the recessive allele cannot be observed, doubling the
number of markers monomorphic for the dominant allele (presence
of a band) should yield a good estimate of the number of mono-
morphic markers and hopefully improve the total estimate of with-
in-species polymorphism. We calculated the total number of mono-
morphic and polymorphic molecular markers separately for each
species; thus, the combined number of markers included into all
gene diversity estimates was different for each of the species.
The Lynch and Milligan index was calculated for each RAPD
marker, i, separately for each population, Hpop(i), species, Hsp(i),
and the genus, Hge(i). The mean Lynch and Milligan index for a
population, Hpop, was then calculated by averaging Hpop(i) over all
markers. Hsp and Hge were calculated similarly.
Shannon’s index was calculated for each RAPD or isozyme
marker, i, separately for each population, H’pop(i), species, H’sp(i),
and the genus, H’ge(i). The average Shannon’s index for a popula-
tion H’pop was then calculated by averaging H’pop(i) over all mark-
ers as in Monaghan and Halloran (1996). H’sp and H’ge were calcu-
lated similarly. The mean Shannon’s index was then calculated for
each marker within a species, H ¯’sp(i), by averaging H’pop(i) over all
populations within each species (3 populations for C. japonica and
C. speciosa, 2 populations for C. cathayensis) . Similarly H ¯’ge/sp (i)
was calculated by averaging H’sp(i) over all species, and H ¯’ge/pop(i)
by averaging H’pop(i) over all populations within the genus.
We calculated the components of diversity between groups for
different levels of taxonomic hierarchy analogous to Bussel
(1999). For each locus the component of diversity between popu-
lations within species, G’pop/sp(i), was [H’sp(i)–H ¯’sp (i)]/H’sp(i),
and the component between populations within the genus,
G’pop/ge(i), was [H’ge(i)–H ¯’ge/pop(i)]/H’ge(i). The component of di-
versity between species within genus, G’sp/ge(i), was correspond-
ingly [H’ge(i)–H ¯’ge/sp(i)]/H’ge(i). Mean estimates of G’pop/sp,
G’pop/ge and G’sp/ge were calculated by averaging G’pop/sp(i),
G’pop/ge(i) and G’sp/ge(i) over all markers. We then calculated 99%
confidence intervals for G’pop/sp of each species to reveal markers
that deviated significantly from the parametric mean of all mark-
ers. The same procedure was also applied to only two populations
(P9701 and P9702) of C. japonica.
Two matrices of phenetic distances among all individual plants
(RAPD and isozyme datasets of polymorphic markers) were used
as input distance matrices in AMOVA (Huff et al. 1993), and Φ-
statistics was calculated from the variance components. In this pa-
per we only report the proportions of variance differentiating
among populations within species (Φpop/sp), among populations557
within the genus (Φpop/ge) and among species within genus
(Φsp/ge), which correspond to the G’-statistics.
We used Pearson product-moment correlation analysis and the
standard t-test (paired comparisons), respectively, to evaluate asso-
ciations between estimates of within-population gene diversity ob-
tained with different molecular datasets. This analysis was also used
to estimate associations between some of the molecular markers.
The product-moment correlation and the Mantel test statistic
were computed with NTSYS (MXCOMP programme) to measure
the degree of relationship between the distance matrices.
Results
Phenetic relationships among populations
For the total plant sample, 271 (including 17 monomorphic)
RAPD and 103 (9 monomorphic) isozyme markers were
scored. Phenetic (Euclidean) distances between popula-
tions varied in the range 2.87–10.07 for RAPD and
1.84–5.77 for isozyme datasets, respectively. Genetic
(Nei’s) distances based on RAPDs varied from 0.024 to
0.332. The complete matrices of phenetic and genetic
distances for all datasets are available on request. All
matrices were significantly (P<0.001) correlated with
each other according to Mantel’s tests. Coefficients of
correlation varied from r=0.889 (between matrices of
RAPD and isozyme phenetic distances) to r=0.921
(between the matrix of RAPD genetic distances and the
matrix of RAPD phenetic distances).
In accordance with the high values of correlation
between the matrices of phenetic and genetic distances,
UPGMA analysis of phylogenetic relationships between
populations of Chaenomeles produced congruent
dendrograms (Fig. 1). Analysis of molecular markers
grouped populations from the same species (as inferred
from their morphological characters) in the same cluster.
This result confirmed a monophyletic origin for all
Fig. 1a–c UPGMA dendrograms of RAPD-based (Euclidean
distances) (a), isozyme-based (Euclidean distances) (b) and
RAPD-based (c) Nei’s genetic distances between populations of
Chaenomeles
Fig. 2 Dendrogram of phylogenetic relationships between
populations of Chaenomeles calculated on RAPD null allele
frequencies by the neighbour-joining method with bootstrap
support (%) for each node of the tree
Fig. 3a, b Three-dimensional representation of principal co-ordinate
analysis of phenetic relationships between populations of
Chaenomeles. Percentage explained variability was for a the
phenetic RAPD-based dataset: PC1 62.4%, PC2 16.0% and PC3
5.9%; b the isozyme-based dataset: PC1 44.2%, PC2 17.2% and
PC3 12.9%558
conspecific populations. Populations of C. japonica always
clustered separately from the other populations. Results
of cluster analysis based on RAPD genetic distances
between populations (Fig. 1c) were in good agreement
with cluster analyses based on phenetic distances
obtained from RAPD and isozyme datasets, respectively
(Fig. 1a, b).
High values of bootstrap support were obtained for
each node of the phylogenetic tree based on the dataset
of genetic distances and the neighbour-joining algorithm
(Fig 2). However, populations of C. speciosa were wide-
ly scattered in this dendrogram.
The pattern of phenetic relationships, revealed by UP-
GMA cluster analyses, was further supported by princi-
pal co-ordinate analysis (Fig. 3). RAPD- and isozyme-
based phenetic distances produced results which were
concordant in: (1) grouping populations P9701, P9702
and P9724 (C. japonica) separately from all other popu-
lations; (2) joining populations P9802 and P9805 be-
tween population P9801 (C. speciosa) and populations
P9803 and P9804 (C. cathayensis), respectively; (3)
showing the relative closeness of population P9806 (C.
thibetica) to populations P9803 and P9804.
Gene diversity
Analysis of gene diversity by the Lynch and Milligan in-
dex (H) and Shannon’s index (H’) within populations and
species of Chaenomeles showed that C. japonica and C.
speciosa were substantially more diverse than C. catha-
yensis and C. thibetica, independent of the method used
for evaluation (Table 2). Percentages of polymorphic
markers (P) and values of Shannon’s index were similar
when RAPD- and isozyme-based datasets were com-
pared, although RAPD-based estimates were generally
somewhat higher. The only clear difference among esti-
mates of within-population gene diversity was found in
population P9804. According to RAPD-based estimates,
P9804 was approximately twice as diverse as P9803,
Table 2 Gene diversity estimated by Shannon’s index (H’) and by the Lynch and Milligan index (H) with standard error, as well as the
percentage polymorphic markers (P) within populations and species of Chaenomeles, based on RAPD and isozyme data
Group H’pop RAPD H’pop isozyme Hpop RAPD P(%) RAPD P(%) isozyme
C. cathayensis
P9803 0.140 (0.024)a 0.069 (0.025) 0.066 (0.012) 15.8 7.1
P9804 0.282 (0.032) 0.081 (0.026) 0.139 (0.017) 30.3 8.9
C. japonica
P9701 0.487 (0.032) 0.422 (0.047) 0.229 (0.017) 54.6 50.9
P9702 0.467 (0.032) 0.375 (0.050) 0.212 (0.016) 50.9 44.6
P9724 0.424 (0.031) 0.413 (0.050) 0.196 (0.016) 49.1 46.4
C. speciosa
P9801 0.547 (0.030) 0.503 (0.049) 0.253 (0.015) 63.5 54.5
P9802 0.520 (0.030) 0.419 (0.044) 0.239 (0.014) 62.4 53.6
P9805 0.589 (0.030) 0.460 (0.044) 0.258 (0.014) 66.1 60.7
C. thibetica
P9806 0.286 (0.029) 0.189 (0.052) 0.141 (0.015) 34.3 14.3
Group H’sp RAPD H’sp isozyme Hsp RAPD P(%) RAPD P(%) isozyme
C. cathayensis 0.337 (0.032) 0.284 (0.056) 0.160 (0.015) 39.9 22.3
C. japonica 0.620 (0.032) 0.612 (0.050) 0.278 (0.016) 69.0 67.9
C. speciosa 0.706 (0.029) 0.655 (0.043) 0.306 (0.014) 78.2 75.9
Group H’ge RAPD H’ge isozyme Hge RAPD P(%) RAPD P(%) isozyme
Chaenomeles 0.746 (0.013) 0.665 (0.024) 0.282 (0.008) 93.7 92.0
a Standard error in parenthesis
Table 3 Correlation (Pearson’s) between within-population gene diversity values estimated by Shannon’s index (H’pop) and by the
Lynch and Milligan index (Hpop) and percentage polymorphic markers (P), based on RAPD and isozyme datasets
H’pop RAPD H’pop isozymeHpop RAPD P RAPD
H’pop isozyme 0.946***
Hpop RAPD 0.996*** 0.942**
P RAPD 0.995*** 0.952*** 0.993***
P isozyme 0.963*** 0.979*** 0.950*** 0.963*
* P<0.05, **P<0.01, ***P<0.001559
whereas values of gene diversity for these two popula-
tions were similar in the isozyme dataset (Table 2).
In the absence of precise genetic information on indi-
vidual loci and the lack of random sampling of molecular
markers since selected primers were used for RAPD anal-
ysis, we refrained from trying to compare absolute values
of gene diversity estimates between the two molecular
methods. Instead, the Shannon’s index values for popula-
tion diversity estimated by RAPDs and isozymes, respec-
tively, were tested by a t-test (paired comparisons). Our
results clearly showed (Table 3) that the null hypothesis of
the two sets of molecular markers being independent of
each other could be rejected with a high level of signifi-
cance (P<0.001). This was also true for the comparison of
the RAPD-based Lynch and Milligan (Hpop) and Shan-
non’s index (H’pop) diversity estimates (P<0.001, Table 3).
Partitioning of components of molecular variance
G’-statistics or Φ-statistics were used to evaluate the vari-
ability within and between taxa for RAPDs and isozymes,
respectively. The analysis was carried out for three species
separately (C. thibetica was not included since it was rep-
resented by only one population) and for the whole genus.
Between-population variability was always lower when
estimated by Φ-statistics than when estimated with G’-sta-
tistics (Table 4). G’-statistics obtained with the RAPD da-
ta resulted in higher estimates of differentiation among
species and among populations across the entire genus,
whereas isozyme-based values resulted in higher differen-
tiation within species. Estimates from Φ-statistics for iso-
zymes provided a better discrimination between groups of
plants at all levels of taxonomic hierarchy than RAPDs.
The major part of the molecular variability could be
attributed to the between-population component for C.
cathayensis, as estimated from G’-statistics and from Φ-
statistics for isozyme markers (Table 4). In contrast,
much less of the total molecular variability was attribut-
ed to this component for C. japonica and C. speciosa.
Within- and between-species components of total vari-
Table 4 Components of diversity among populations within
species, among populations within genus and among species
within genus, estimated from phenetic RAPD and isozyme
datasets by AMOVA (Φ-statistics with P-value) or derived from
Shannon’s index (G’-statistics with standard error)
Fig. 4a, b Plot of principal co-ordinates of phenetic distances
between families of C. japonica. a RAPD-based dataset: PC1
27.3%, PC2 20.1%; b isozyme-based dataset: PC1 39.3%, PC2
25.9%
Group variable G’pop/sp RAPD G’pop/sp isozyme Φpop/sp RAPD Φpop/sp isozyme
Populations within
C. cathayensis 0.606 (0.036) 0.830 (0.026) 0.229 (0.001) 0.615 (0.001)
C. japonica 0.278 (0.031) 0.323 (0.036) 0.126 (0.367) 0.178 (0.001)
C. speciosa 0.176 (0.027) 0.268 (0.032) 0.100 (0.257) 0.181 (0.001)
Group variable G’pop/ge RAPD G’pop/ge isozyme Φpop/ge RAPD Φpop/ge isozyme
Populations 0.535 (0.013) 0.491 (0.019) 0.325 (0.001) 0.404 (0.001)
Group variable G’sp/ge RAPD G’sp/ge isozyme Φsp/ge RAPD Φsp/ge isozyme
Species 0.446 (0.015) 0.435 (0.018) 0.303 (0.001) 0.312 (0.001)
a Standard error in parenthesis560
ability in Chaenomeles were partitioned more evenly
when derived from Shannon’s index compared to AM-
OVA, with slightly more of the total variance distributed
within species. The within-species component was con-
siderably higher in the Φ-statistics (Table 4).
Correlations between estimates of the among-popula-
tion (species) components were relatively high and sig-
nificant when different methods of calculations were
compared (RAPDs: G’ vs. Φ, r=0.805, P<0.05; isozymes
: G’ vs. Φ, r=0.983, P<0.01).
Differentiation between families of C. japonica
RAPD- and isozyme-based matrices of phenetic distanc-
es between families of C. japonica were not significantly
correlated (r=0.479, P=0.061). We also found substantial
discrepancies between results of principal co-ordinate
analyses applied to different matrices of phenetic dis-
tances. A two-dimensional plot of principal co-ordinates
for families of C. japonica revealed only a weak popula-
tion structure when RAPDs were analysed (Fig. 4a). In
contrast, a clear subdivision of families into separate
groups was observed for isozymes, with families from
the same population grouping together (Fig. 4b).
Deviating markers
G’-statistics for individual molecular markers were used to
reveal those markers, which deviated significantly (P<0.01)
from the parametric mean for the total set of markers (Ta-
ble 5). Three such isozyme markers were found for C.
japonica (PEst–2, PPrx–7, and PAcp–8; 3.7% of the total
set of markers) and 2 for C. speciosa (PAat–9, PAat–10;
2.3% of the total set of markers). Only 2 such RAPD mark-
ers were found for C. japonica (OPF08.800, OPA18.220)
and 1 for C. speciosa (OPE07.380), comprising about 1%
and 0.5% of the total set of markers, respectively. No iso-
zyme or RAPD marker deviated significantly from the
parametric mean of the G’-statistics for C. cathayensis.
When only populations P9701 and P9702 were analy-
sed, 2 esterase markers (LEst–2 and LEst–3) and 2
RAPD markers (OPE07.1050 and OPD08.1070) deviat-
ed significantly from the parametric means for the total
set of markers (Table 5).
Markers that deviated significantly from the paramet-
ric mean were found to co-occur in the same plants.
Within  C. japonica 3 isozyme (PEst–2, PPrx–7, and
PAcp–8) and 1 RAPD marker (OPA18.220) were strong-
ly associated (correlation among markers ranged from
0.74 to 0.83). Associations of deviating markers within
C. speciosa were even stronger. Both isozyme markers
(PAat–9, PAat–10) were absolutely negatively correlated
(r=–1.0) and the correlation between OPE07.380 and the
isozyme markers was high (r=0.81).
Discussion
Phylogenetic relationships among populations
From previous publications it is still not clear to what
extent results from the different molecular marker sys-
tems are congruent. In direct comparative analyses, cor-
relations between estimates of genetic distances, ob-
tained from isozyme- and RAPD-based data, have prov-
en to be significant, with estimates of correlation coeffi-
cients from moderate (Heun et al. 1994, r=0.34) to high
(Lifante and Aguinagalde 1996, r=0.83). In general, iso-
zyme- and RAPD-based estimates of gene diversity have
also proven to be in good correspondence, but some dis-
crepancies have been found in virtually all studies.
In the present study we found that correlation be-
tween distance estimates, obtained from isozyme and
RAPD datasets, varied according to the geographic dis-
tances between the plant samples analysed. It could be
very high, as in the case of the total sample of nine popu-
lations from four species (r=0.891, P<0.001), and it
could be lower and insignificant (r=0.479, P=0.061), as
in the case of families from the three populations of C.
japonica.
The phenetic estimates of phylogenetic relationships
are independent of Hardy-Weinberg equilibrium (Bussel
1999). Conversely, RAPD-based genetic estimates are
dependent on this assumption. Therefore, the high corre-
spondence between phenetic and genetic estimates ob-
tained for all populations in the RAPD-based dataset
may indicate that (1) the underlying assumption of Hardy-
Weinberg equilibrium for calculation of genetic esti-
mates do not influence the phylogenetic relationships re-
vealed in this study or (2) the studied populations are at
an equilibrium. We believe that the first alternative is the
most likely since C. cathayensis and C. thibetica are sup-
posed to have a mixed mating system and, furthermore,
we have found some indications of interspecific hybrid-
isation between C. speciosa and C. cathayensis. Both of
these phenomena are known to cause deviations from the
Hardy-Weinberg equilibrium. Violation of the equilibri-
um can, however, not be confirmed directly in this study
Table 5 Differentiation between conspecific populations derived
from Shannon’s index [G’pop/sp(i)] for individual markers, which
deviate significantly (P<0.01) from the parametric means for the
total set of markers. Markers beginning with OP are RAPD
markers, the reminder are isozyme markers
Species Marker G’pop/sp(i)
C. japonica PEst–2 0.726
PPrx–7 0.842
PAcp–8 0.741
OPA18.220 0.682
OPF08.800 0.837
C. speciosa PAat–9 0.689
PAat–10 0.689
OPE07.380 0.726
C. japonica (P9701 LEst–2 0.753
and P9702) LEst–3  0.676
OPE07.1050 0.473
OPD08.1070 0.508able mating system for this species. Direct investigation of
the mating systems within Chaenomeles would enable us
to draw more convincing conclusions. Since our C. catha-
yensis and C. thibetica plant material is still juvenile, we
have not yet been able to perform the necessary study. Us-
ing the more conventional method to calculate Hpop-values
(i.e. including only markers which are polymorphic within
species) yielded less differentiation between C. japonica
(0.254) and C. speciosa (0.275) on the one hand, and C.
cathayensis (0.214) and C. thibetica (0.238) on the other
hand (results not shown in further detail). Obviously, the
inclusion of monomorphic markers into our main set of
calculations, according to Liu and Furnier (1993), instead
emphasizes the homogeneity of the latter two species.
Shannon’s index gene diversity estimates obtained
with isozymes and RAPDs separately, for populations of
C. japonica and C. speciosa were relatively similar with-
in each species (Table 2). By contrast, diversity estimates
based on RAPD markers showed considerably more dif-
ferentiation between populations of C. cathayensis than
did isozymes. Furthermore, a relative difference in gene
diversity estimates between populations of C. japonica
and C. speciosa on one hand and C. cathayensis and C.
thibetica on the other was much more pronounced for
isozyme markers, with two- to threefold higher relative
differences (Table 2). This may indicate balancing selec-
tion on some of the isozyme markers in the presumably
partly inbreeding species C. cathayensis and C. thibe-
tica. A similar phenomenon has been suggested for oys-
ters by Karl and Avise (1992) based on gene diversity es-
timates with isozymes and nuclear RFLP.
Relative gene diversity estimates derived by the
Lynch and Milligan formula and by Shannon’s index,
respectively, were similar. The assumption of Hardy-
Weinberg equilibrium therefore did not seem to influence
the relative estimates when RAPD null-allele frequencies
were used in the diversity analyses for the total sample
of populations. This is in accordance with our findings in
the phylogenetic analysis.
Partitioning of components of molecular variance
G’-statistics and Φ-statistics are analogous to F-statistics
and can be used to analyse haplotypic diversity of mo-
lecular markers at different levels of hierarchial subdivi-
sions. We found that the between-population estimates
from Φ-statistics were always lower than corresponding
estimates from G’-statistics (Table 4). In one case we ob-
tained a particularly low estimate of the between-popula-
tion component of total variance (C. cathayensis, RAPD
dataset, Table 4). However the G’-statistics and the Φ-
statistics were highly correlated (RAPDs: r=0.805,
P<0.05; isozymes r=0.983, P<0.01).
Isozyme analysis (reviewed by Hamrick and Godt
1989) and RAPD analysis (Bartish et al. 1999a) have
shown that outcrossing species, in general, retain most of
their genetic variability within populations. We found that
within-population components of total variability for C.
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since we did not have access to precise genetic informa-
tion about the isozyme markers that would enable the
calculation of fixation indices.
The most important discrepancy between the dendro-
grams of phylogenetic relationships between populations
was observed for C. speciosa. Two populations of this
species (P9802 and P9805) clustered together with a
third population (P9801) in the UPGMA dendrograms,
but in the neighbour-joining based dendrogram they
were intermediate between the C. cathayensis (P9803,
P9804) – C. thibetica (P9806) cluster on one hand and
the C. japonica (P9701, P9702, P9724) – C. speciosa
(P9801) cluster on the other hand (Fig. 2). However,
based on a more detailed analysis of genetic relation-
ships between families in these two populations and in
populations P9801, P9803 and P9804, spontaneous inter-
specific hybridisation between C. cathayensis and C.
speciosa can be suspected (manuscript in preparation).
This is probably the reason for the discrepancies ob-
served between the two different representations.
The phylogenetic relationships between species of
Chaenomeles, inferred from previous studies based on
plant accessions from botanical gardens (Bartish et al.
1999b, Garkava et al. 2000), were completely congruent
with the present results based on samples of naturally
growing plants. This finding makes it possible to infer
that the possible spontaneous hybridisations among
plants cultivated in botanical gardens have not changed
the taxonomic status of the species and that the taxonom-
ic identities of the previously analysed accessions from
several botanical gardens (Bartish et al. 1999b, Garkava
et al. 2000) were correct.
Gene diversity
In accordance with previous reports (Liu and Furnier
1993; Peakall et al. 1995; Aagaard et al. 1998), our re-
sults showed that, in general, RAPDs and isozymes re-
veal similar patterns of gene diversity and that these
markers probably experience similar evolutionary forces
in Chaenomeles. Estimates of polymorphism of both
RAPD and isozymes markers were very high and similar
for the whole genus (93.7% and 92.0%, respectively, Ta-
ble 2). Thus, relatively few molecular markers were
fixed in the sampled populations.
Contrasting gene diversity estimates were obtained for
C. japonica and C. speciosa on one hand and for C. catha-
yensis and C. thibetica on the other hand (Table 2). This is
rather common in plants when congeneric species have
contrasting mating systems (Barrett 1989; Gottlieb 1973).
Our findings thus imply that outcrossing may be the pre-
vailing mating system for C. japonica and C. speciosa,
whereas C. cathayensis and C. thibetica may have a
mixed mating system. Both selfing and biparental inbreed-
ing may be suggested for the latter species to explain the
observed distribution of variance, but self-incompatibility
has been suspected for C. cathayensis (Weber 1964).
Therefore, biparental inbreeding seems to be a more prob-japonica and C. speciosa were always higher than be-
tween-population components, independent of kind of mo-
lecular markers or method for statistical evaluation. This is
in agreement with the general result for outcrossing spe-
cies. In contrast, C. cathayensis almost always yielded
comparatively higher values for between-population com-
ponents. This may indicate a mixed mating system and
partial inbreeding in this species, as has also been suspect-
ed from the overall estimates of gene diversity.
Deviation of some isozyme markers
from the neutral model
Contrasting patterns of genetic differentiation between
conspecific populations have been previously revealed in
plants as a result of comparison between isozyme and
DNA markers (Raybould et al. 1996; Latta and Mitton
1997). In both these studies, DNA markers (RFLP or
RAPD) suggested a higher rate of differentiation be-
tween populations than did isozymes. Balancing selec-
tion on some of the isozyme markers was brought for-
ward as a possible explanation.
In our study, a comparative analysis of population
structure within C. japonica by RAPD and isozyme
markers also revealed substantial differences between
the methods. However, isozyme markers were, in gener-
al, more differentiated than RAPDs. If we assume neu-
trality of RAPDs, then diversifying selection acting on
some of the isozyme markers could be suspected. A sim-
ilar explanation has been suggested by Le Corre et al.
(1997) who compared RAPD and isozyme diversity esti-
mates among populations of sessile oak. This is also in
accordance with the general prediction made by Lewon-
tin and Krakauer (1973) and the diversifying selection
found to be acting on some plant isozymes (Lönn 1993).
The component of diversity between populations de-
rived from Shannon’s index for individual isozyme and
RAPD markers was useful to find markers that deviated
significantly from the parametric mean for the total set
of markers (Table 5). Such markers, especially isozymes,
may be involved in the adaptation to environmental
stress factors (Lönn 1993). Alternatively, none of these
markers represent genes directly involved in adaptation
to local environment, but they are ”hitchhiking” with
such genes through selection due to linkage disequilibri-
um (Aquadro et al. 1994). The association between most
of the deviating markers to such a high extent that 4 of 5
markers within C. japonica and all 3 markers within C.
speciosa may be associated with the same linkage groups
supports such a scenario. A note of precaution should be
made however. Since our confidence interval for distri-
bution of G’pop/sp(i) values accounts for sampling varia-
tion only and not for stochastic variation (Slatkin and
Arter 1991), it may be incorrect to assume that selection
is the only possible source of significant deviations. Dif-
ference in mutation rates between markers should also be
taken into account.
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Abstract
Random amplified polymorphic DNA markers were used to assess relatedness and genetic diversity for
15 lingonberry (Vaccinium vitis-idaea) populations. Seven primers yielding 59 polymorphic bands were used
to analyse 13 populations, representing ssp. vitis-idaea from Sweden, Finland, Norway, Estonia and Russia,
and two populations, representing ssp. minus from Japan and Canada. A cluster analysis and a multi-
dimensional scaling analysis (MDS) showed similar phenetic patterns among populations, with a pro-
nounced geographic grouping in most cases. Significant correlations were obtained between geographic
and genetic distances for the entire set of populations as well as for the 13 ssp. vitis-idaea populations. Mean
within-population diversity was 0.206 when estimated with Lynch and Milligan’s index, and 0.431
when estimated with Shannon’s index, which is in agreement with the mixed mating system reported for
lingonberry. Within-population variability accounted for 68.6% of the total variance when all populations
were included, and for 78.8% when only populations of ssp. vitis-idaea were analysed. Two different
approaches were applied to the selection of plant material for a potential gene bank: (1) a hierarchical
sampling strategy based on a cluster analysis and (2) the Maximum genetic diversity program, developed for
the establishment of core collections. Random sampling was undertaken for comparisons with the selected
data sets. The most diverse and representative set of lingonberry specimens was obtained when samples were
selected with the Maximum diversity program.
Introduction
Lingonberry, Vaccinium vitis-idaea (2n ¼ 24), is a
perennial, evergreen dwarf shrub, which belongs to
the Ericaceae family. It grows preferably on acid
soils in coniferous forests and bogs. Lingonberry is
widely distributed in boreal and subarctic regions
of the northern hemisphere. The species is repre-
sented by two subspecies: ssp. vitis-idaea L.
and ssp. minus (Lodd.) Hult  en (1949). Plant size
constitutes the main difference between the two
subspecies. Plants of V. vitis-idaea ssp. vitis-idaea
are 25–30 cm in height, whereas plants of ssp.
minus are approximately 20 cm high (Fernald
1950). The evergreen leaves of lingonberry are
ovate, dark green, thick and leathery. The flowers
are campanulate, white and nectariferous, held in
drooping racemes. Lingonberry reproduces vegeta-
tively through rhizomes (subterranean runners)
and sexually by seeds. The species is partially self-
fertile (Jacquemart and Thompson 1996), but seed-
set is reported to be higher after cross-pollination(B.A. Gustavsson, pers. observ.). Lingonberry
attracts primarily honey-bees and bumble bees as
pollinators (Jacquemart 1993). The berries are
bright red, 6–10 mm in diameter. They are quite
tart, and therefore not suitable for the fresh fruit
market. By contrast, they taste very good when
cooked, and are widely used for processing in
jam, juice, liqueur and yoghurt. Lingonberry pro-
ducts are especially popular in the Nordic coun-
tries, but are becoming more accessible in several
other countries (Gustavsson 1999). Lingonberries
for processing are usually picked from plants grow-
ing wild in natural populations, but there is
increased interest in commercial plantations of
registered cultivars (Gustavsson 1999).
A breeding program for improvement of
lingonberry cultivars was initiated at Balsga ˚ rd,
The Swedish University of Agricultural Sciences,
in the 1970s. This program was based mainly on
evaluation and selection of superior plants raised
from seeds from wild-picked berries. Extensive col-
lections of lingonberry germplasm were gathered
from natural populations in Sweden, Finland, the
Baltic countries, Russia, North America and Japan
(Gustavsson 1997). These plants were grown in
comparative field trials at Balsga ˚ rd. Growth
habit, fruit yield, fruit size, fruit quality, winter
hardiness, regeneration ability and disease resis-
tance are important characters that were consid-
ered in the screening. Selected plants were used to
raise a second generation through open-pollination
to provide even more superior plants (Gustavsson
1999). Unfortunately, limited resources resulted in
a temporary interruption of the lingonberry pro-
gram at Balsga ˚ rd. At present, the most important
task is to select and preserve a representative germ-
plasm collection of field-grown and genetically
identifiable genotypes for future use in, for exam-
ple, chemical screenings and applied plant breed-
ing. This collection should have the same
properties as a ‘core collection’, a limited set of
accessions with maximal genetic diversity and a
minimum of repetitions (Frankel 1984).
Morphological characters have traditionally
been used to obtain information on variation
within plant species. These characters are usually
controlled by many loci and may be affected by
environment, which can complicate the evaluation
of genetic diversity. By contrast, molecular mar-
kers are not generally influenced by environment;
they are often but not always selectively neutral
and, if chosen carefully throughout the genome,
supposedly unbiased. Several classes of molecular
markers have been used to evaluate the genetic
diversity in collections of genetic resources in hor-
ticultural crops, such as isozymes, amplified frag-
ment length polymorphism (AFLP), restriction
fragment length polymorphism (RFLP), sequence
tagged microsatellite sites (STMS) and random
amplified polymorphic DNA (RAPD). We chose
RAPD, since this method does not require previous
knowledge of DNA sequences, is easy to perform
and is one of the most cost-effective methods for
obtaining polymorphic markers in many plant gen-
era (Lu et al. 1996; Virk et al. 2000; Goulao et al.
2001; Nybom 2003). Studies, in which RAPD-
based results have been compared to results
obtained with other classes of DNA-based markers
in the same plant material, have demonstrated high
levels of correspondence, both for genetic distances
and for relative estimates of between- and within
population diversity (Nybom in press). Despite
their dominant nature, RAPDs have already pro-
ven to be suitable in studies on the extent of clonal-
ity and the amount and partitioning of genetic
diversity in lingonberry (Persson and Gustavsson
2001).
In the present study, RAPD markers were
used (1) to assess the relationships among 15
lingonberry populations assembled from Sweden,
Finland, Norway, Estonia, Russia, Japan and
Canada; (2) to estimate levels of genetic diversity
and its partitioning into within- and between-
population components; (3) to select a representa-
tive set of plant specimens for ex situ conservation
from these 15 populations.
Materials and methods
Plant material
A total of 211 plants, representing 15 populations,
was analysed (Table 1). Populations 1 to 13 repre-
sent V. vitis-idaea ssp. vitis-idaea; populations 14
and 15 represent V. vitis-idaea ssp. minus. In addi-
tion, one plant was analysed from each of eight
vegetatively propagated cultivars, chosen so as to
representalargegeographicrangeandpossiblyalso
large genetic diversity: ‘Sanna’, ‘Sussi’, ‘Linnea’,
724‘Ida’, ‘Koralle’, ‘Splendor’, ‘Erntesegen’ and
‘Masovia’. Development of commercial lingon-
berry cultivars has been quite restricted in com-
parison with other small fruit crops and only 17
named varieties were known in 1999, all of which
had been derived by open pollination and usually
by selection directly in the wild (Gustavsson 1999).
‘Sanna’, ‘Sussi’, ‘Linnea’ and ‘Ida’ are Swedish cul-
tivars, selected for superior horticultural characters
at Balsga ˚ rd from the wild stands in the province of
Sma ˚ land, Sweden. ‘Koralle’, originally an orna-
mental cultivar, was selected in Netherlands from
wild stands. ‘Splendor’ was selected in Wisconsin,
USA, from plant material collected in Finland.
‘Erntesegen’ was selected from wild stands in
Germany, and ‘Masovia’ was selected in Poland.
RAPD analysis
Young leaves were collected and stored at  80  C.
The extraction procedure followed the protocol
of Nybom and Schaal (1990). PCR reactions were
performed as described by Persson and Gustavsson
(2001). The DNA fragments were separated by
electrophoresis in 1.8% agarose gels with a
Tris–phosphate–EDTA (TPE) buffer system. The
gels were stained with ethidium bromide, and the
amplification products were visualised under UV
light and documented with Polaroid photography
for further analyses. Molecular Weight Marker VI
(Roche Diagnostics Corp., Indianapolis, IN)
was used to determine the size of the DNA
fragments.
Eighty decamer primers (Operon Technologies,
Alameda, CA) had previously been checked for
their suitability in terms of polymorphism, repro-
ducibility and clarity of the obtained patterns
(Axelsson 2000). Based on these results, seven pri-
mers (OPA-10, OPA-11, OPB-19, OPC-15, OPD-
05, OPE-10 and OPF-07) were chosen for further
analysis of all 219 plants. To monitor the reprodu-
cibility between runs, DNA of the same three
plants was included in every run. In addition,
amplification of two different samples was carried
out twice in each PCR run.
Statistical analyses
Amplification products were scored manually.
Each RAPD band was treated as an independent
locus with two alleles, presence (1) or absence (0) of
a band. A binary matrix based on 59 polymorphic
RAPD bands was thus generated.
To evaluate the informativeness of each RAPD
primer, a RAPD primer index was produced as in
Ghislain et al. (1999): polymorphic index content
(PIC) was calculated for each RAPD band as
PIC ¼ 1   p
2   q
2 where p is band frequency and
q is no-band frequency. The RAPD primer index is
Table 1. Analysed populations of lingonberry (Vaccinium vitis-idaea L.), number of plants sampled, location of population, within-
population gene diversity (including standard error) estimated by Lynch and Milligan’s index (Hpop) and Shannon’s index (H0
pop).
Sampling
site no. Subspecies
Sampling
site code
No. of
plants Country Location Latitude (N) Longitude (E/W) Hpop H0
pop
1 vitis-idaea SK 15 Sweden Kristianstad 56 130 14 120 0.227 (0.026) 0.483 (0.049)
2 vitis-idaea S€ O 15 Sweden € Orebro 59 240 14 390 0.214 (0.025) 0.517 (0.051)
3 vitis-idaea SV 15 Sweden V€ asterbotten 63 370 19 510 0.245 (0.027) 0.513 (0.050)
4 vitis-idaea SN 10 Sweden Norrbotten 66 420 19 330 0.197 (0.026) 0.400 (0.051)
5 vitis-idaea SG 13 Sweden G€ avleborg 60 180 16 460 0.248 (0.028) 0.523 (0.048)
6 vitis-idaea SH 11 Sweden Halland 57 050 13 200 0.219 (0.026) 0.500 (0.051)
7 vitis-idaea FT 15 Finland Toijala 60 130 24 100 0.187 (0.026) 0.375 (0.049)
8 vitis-idaea FS 15 Finland Simo 65 410 25 010 0.178 (0.026) 0.374 (0.050)
9 vitis-idaea NS 15 Norway Sognedal 61 120 7 050 0.225 (0.029) 0.434 (0.055)
10 vitis-idaea EV 15 Estonia Vo ¨ ru 57 550 27 030 0.241 (0.029) 0.456 (0.055)
11 vitis-idaea EP 10 Estonia P€ arnu 58 250 24 400 0.209 (0.027) 0.434 (0.055)
12 vitis-idaea RM 15 Russia Murmansk 68 550 33 050 0.110 (0.024) 0.190 (0.043)
13 vitis-idaea RK 14 Russia Kirov 58 530 49 300 0.135 (0.024) 0.265 (0.047)
14 minus JF 14 Japan Fuji San 35 200 138 450 0.180 (0.028) 0.349 (0.056)
15 minus CM 15 Canada Montreal 45 500 73 500 0.274 (0.025) 0.654 (0.048)
  x ¼ 0.206;   x ¼ 0.431.
725the sum of PIC values for all bands generated by
the same primer.
Two approaches were used to analyse the rela-
tionships among populations: cluster analysis and
multidimensional scaling analysis (MDS) (SPSS
Data Analysis Package 4.0, Norusis 1990). Cluster
analysis produces a hierarchical representation of
the relationships among groups of organisms,
whereas MDS produces a non-hierarchical view of
these relationships. Frequencies for each RAPD
band were calculated for each of the 15 populations
separately. A COSINE pattern similarity measure
(Norusis 1990) was used to produce a similarity
matrix for comparisons between populations. The
matrix was used to perform a cluster analysis
(UPGMA, Norusis 1990) and produce a dendro-
gram, which illustrates the similarity among popu-
lations. For the MDS analysis, a Euclidean
dissimilarity coefficient matrix was generated
from the band frequencies. A scaling solution with
three dimensions was used (Norusis 1990).
To analyse possible relationships between genetic
and geographic distances, a matrix of geographic
distances between population was generated as in
Bartish et al. (2000b). Pairwise  ST coefficients,
which are interpreted as being analogous to FST
values, were computed and a population-based
matrix was produced (AMOVA, WINAMOVA
version 1.55; Excoffier et al. 1992). Correlation ana-
lyses between the geographic distance matrix and
the matrix of pairwise  ST coefficients were carried
out with Mantel tests (MXCOMP in NTSYS-pc,
9999 permutations were used to compute the signif-
icance of a given correlation). These analyses were
conducted: (1) on the entire plant material, (2) on
13 populations of V. vitis-idaea ssp. vitis-idaea and
(3) on six Swedish populations.
Two approaches were used to evaluate amount
of diversity within populations: Shannon’s diver-
sity index (Bussell 1999) and Lynch and Milligan’s
index (Lynch and Milligan 1994). Lynch and
Milligan’s index requires the assumption of a
Hardy–Weinberg equilibrium for each locus,
whereas Shannon’s index does not require this
assumption. Based on the frequency of a given
RAPD band, pi, Shannon’s index was calculated
for each RAPD marker, i, separately for each
population, H0
pop(i). The average Shannon’s index
for a population, H0
pop, was then calculated by
averaging H0
pop(i) over all markers.
Unbiased null-allele frequencies were calculated
and then used to estimate the Lynch and Milligan
gene diversity within populations. This index was
calculated for each RAPD marker, i, separately for
each population, Hpop(i), over all markers. The
mean Lynch and Milligan gene diversity index for
a population, Hpop, was then calculated by aver-
aging Hpop(i) over all markers. Pearson product-
moment correlation analyses were performed
between estimates of gene diversity obtained
through the two different methods of data analysis
(Shannon’s and Lynch and Milligan’s indexes).
Two different methods, Shannon’s index and
AMOVA (WINAMOVA version 1.55; Excoffier
et al. 1992) were used to partition the variability
withinoursamplesintodifferenthierarchicallevels,
that is, within- and between-populations. The com-
ponentsof variability were calculated for three data
sets, comprising (1) all populations, (2) populations
of V. vitis-idaea ssp. vitis-idaea and (3) the Swedish
populations only.
Shannon’s index was calculated for each marker,
i, separately for each population, H0
pop(i), and for
the species, H0
sp(i). The average Shannon’s diversity
index per locus for populations within the species,
H0
sp/pop, was calculated by averaging H0
pop(i) over
all populations. Diversity among populations,
G0
pop/sp(i), was calculated for each locus, G0
pop/sp(i) ¼
[H0
sp(i)   H0
sp/pop(i)]/H0
sp(i).M e a nG0
pop/sp (G0–statistics)
w a st h e nc a l c u l a t e db ya v e r a g i n gG0
pop/sp(i) over all
markers.
AMOVA was used to compute  -statistics
(Excoffier et al. 1992). A matrix of squared
Euclidean distances was produced and used as
input matrix in AMOVA.
Selection of samples for ex situ conservation
With the goal of establishing a lingonberry gene
bank with high genetic diversity, two different stra-
tegies were compared for selecting plants for pre-
servation: (1) a hierarchical sampling strategy
(Parsons et al. 1999) and (2) the Maximum genetic
diversity program (Marita et al. 2000). In addition,
random sampling was used for comparisons with
the selected data sets. Each time, 61 plants were
chosen among the 211 accessions. In addition,
eight plants representing different cultivars were
included in each data set.
726For the hierarchical sampling strategy, Jaccard’s
coefficient of similarity was calculated for all pair-
wise comparisons between individual samples
(Maguire and Sedgley 1997). A UPGMA cluster
analysis was performed, and a dendrogram was
produced for the 211 plants. By truncating the hier-
archy at a similarity level of 0.60, we obtained
61 groups. One randomly chosen individual from
each group was included in our genebank collection.
For the second strategy, genetic distances among
individual samples were calculated using the com-
plement to the simple matching coefficient (Marita
1998; Marita et al. 2000). The distances were used
as an input matrix for the Maximum genetic diver-
sity program (Marita et al. 2000).
To compare the different methods, mean Nei’s
gene diversity and Shannon’s diversity index were
calculated for the initial plant set (219 plants ¼
211 + 8) and for the data sets obtained with the
two different strategies as well as with random sam-
pling (61 + 8 plants). In addition, the frequency of
eachRAPD band was calculated for eachdataset to
examine whether the various strategies had resulted
in any major changes of band frequencies as evi-
denced from ocular inspection of band frequency
histograms.
A cluster analysis (UPGMA) was performed on
the most diverse data set, and a dendrogram
was produced, which illustrated the relationships
among chosen plants.
Results
RAPD amplification
Seven selected primers produced 66 clear and
reproducible bands; 59 (89.4%) of these were
polymorphic. Individual primers produced from 4
to 12 bands, whereas the proportion of poly-
morphic bands varied from 66.7% to 100%.
RAPD primer index ranged from 1.18 (OPE-10)
to 3.64 (OPA-10) (Table 2). Only polymorphic
bands were included in the statistical analyses.
Genetic relatedness among populations
A cluster analysis was performed to examine the
relatednessamongall15populations,andtheresult-
ingdendrogramclearlydemonstratedanassociation
between genetic relatedness and geographic dis-
tances (Figure 1). The Japanese population was the
most divergent, followed by the Canadian and
Table 2. Selected primers used for RAPD analysis.
Primer
Sequence
(50 to 30)
Number of
scored bands
Number of
polymorphic bands
Polymorphic
bands (%)
RAPD primer
index
OPA-10 GTGATCGCAG 12 11 91.7 3.64
OPA-11 CAATCGCCGT 12 12 100.0 3.30
OPB-19 ACCCCCGAAG 11 9 81.8 2.33
OPC-15 GACGGATCAG 9 9 100.0 2.97
OPD-05 TGAGCGCACA 9 8 88.9 2.41
OPE-10 CACCAGGTGA 4 4 100.0 1.18
OPF-07 CCGATATCCC 9 6 66.7 1.62
Figure 1. Dendrogram based on UPGMA analysis of genetic
similarity estimates among 15 populations of lingonberry.
727Norwegian populations. Among the remaining
populations, the two Estonian populations formed
one cluster, and the Swedish, Finnish and Russian
formed another. Within the last cluster, the two
Russian populations clustered together, whereas
the Swedish and Finnish populations were comple-
tely intermingled.
An MDS analysis with three dimensions was
applied for all 15 population (results not shown).
The Japanese population was a distant outlier and
therefore another MDS analysis was conducted for
the remaining 14 populations. The proportion of
variance explained by the first three axes (RSQ)
was 0.952 with Kruskal’s stress ¼ 0.096, indicating
a good fit between our data and the three-
dimensional representation of variation among
populations (Bartish et al. 1999b). The MDS ana-
lysis supported the genetic relationships revealed
by the cluster analysis. A plot of dimension 1 vs.
dimension 2 yielded a main group consisting of six
Swedish and two Finnish populations (Figure 2).
These were placed in the centre with almost
identical values on the first dimension. The two
Russian populations formed one pair and the two
Estonian another. The Norwegian population was
relatively isolated from the other populations.
The most distant population was the one from
Canada.
We found a significant correlation between geo-
graphic and genetic distances when the whole plant
material was analysed (r ¼ 0.532, P < 0.001). The
Japanese and Canadian populations belong to ssp.
minus, and therefore another correlation analysis
was conducted on the 13 populations of ssp. vitis-
idaea. As in the previous case, a significant correla-
tion between genetic and geographic distances was
observed (r ¼ 0.475, P < 0.001). By contrast, there
was no significant correlation in the analysis of the
six Swedish populations (r ¼ 0.182, P ¼ 0.320).
Gene diversity
Evaluation of gene diversity using Lynch and
Milligan’s index (Hpop) and Shannon’s index
(H0
pop) revealed the Canadian population to be the
most diverse (H pop ¼ 0.274; H0
pop ¼ 0.654).
The Russian populations RM and RK were com-
paratively homogeneous and showed the lowest
diversity values with both evaluation methods
(Table 1). When calculated over all populations, a
high correlation was found between Lynch and
Milligan’s index and Shannon’s index (r ¼ 0.956,
P < 0.001).
AMOVA analysis attributed 31.4% of the varia-
bility to the among-population component when
all 15 populations were included (Table 3). When
an analysis was performed on only the 13 popula-
tions of ssp. vitis-idaea, 21.3% of the variability
was allocated among populations. When calculated
for the Swedish populations, only 9.4% of the
molecular variation was attributed to the among-
population component. Diversity between popula-
tions was also estimated with Shannon’s index,
Figure 2. Two-dimensional plot of MDS analysis, based on a
genetic distance matrix, illustrating genetic relationships among
14 populations of lingonberry. The Japanese population of
Vaccinium vitis-idaea ssp. minus, which is an outlier, is not
included.
Table 3. Diversity among populations estimated as  -statistics
by analysis of molecular variance (AMOVA) and G0-statistics
derived from Shannon’s index, both with standard error.
Source of
diversity  -statistics G0- statistics
All populations 0.314 (0.002) 0.398 (0.024)
Populations of
V. vitis-idaea spp.
vitis-idaea
0.213 (0.002) 0.298 (0.017)
Swedish populations 0.094 (0.002) 0.188 (0.017)
728which resulted in higher values but showed the
same overall pattern (Table 3).
Selection of samples for ex situ conservation
A potential genebank collection of 61 samples, that
is, 31.5% of the 211 plants analysed, was selected
using two different strategies. For comparison with
these strategies, random sampling was performed
three times to create three different data sets.
Forthefirstselectionstrategy,hierarchicalsamp-
ling, a cluster analysis was performed on 211 plants
(data not shown). Plants from all six Swedish
and the two Finnish populations were distributed
rather evenly over the entire dendrogram.
Individuals from the other populations formed
clusters mainly in accordance with their geographic
provenance. The Japanese population formed a
close-knit cluster, which was an outlier in compar-
ison with the remaining samples. Hierarchy was
truncated at a similarity level of 0.60, selected to
result in 61 groups. A single randomly chosen
accession from each group was then included in
our potential genebank collection.
Application of the second selection strategy, the
Maximum diversity program, requires the user to
select the first sample and to determine the total
number of samples to be included in the core collec-
tion. We chose to keep the number constant at
62 accessions, but we varied the first sample. The
program was run 11 times. Samples that were
selected at least seven times (59 in total) were
included in our genebank collection. No plants
from populations RM and SN were included in
any of the program-generated collections. How-
ever, we chose plants RM7 and SN198 as initial
samples in two of the runs and therefore decided
to include these plants in our final data set. Eight
plants representing cultivars were added to each of
the data sets, thus increasing the number of indivi-
duals to 69 for our potential genebank collection.
Nei’s gene diversity and Shannon’s index were
used to estimate the extent of diversity within the
entire plant set and within the different subsets
chosen for ex situ conservation (Table 4). The
subset obtained with the Maximum diversity pro-
gram had the highest diversity values (Nei’s gene
diversity ¼ 0.356; Shannon’s index ¼ 0.759). Nei’s
gene diversity value for the hierarchical sampling
strategy-based collection (0.322) was higher than
the values for the entire material (0.300) and for the
randomly chosen collections (0.301–0.304) whereas
Shannon’s index values were proportionally some-
what more similar but showed the same overall
pattern: 0.670 for the entire material, 0.663–0.669
for the randomly chosen collections and 0.698 for
the hierarchical sampling strategy-based collection.
To investigate how well we preserved the RAPD
bands revealed in the entire collection, we compared
the frequencies of bands in the entire collection and
in each of the different subsets. One band was lost in
one of the three randomly chosen subsets and in the
hierarchicalstrategy-basedsubset. Inaddition, there
was no clear pattern in band frequency changes
when the hierarchical strategy-based subset and the
randomly chosen subsets were compared with the
entire material. In the Maximum diversity program-
based subset, no bands were lost. Moreover, those
bands which had frequencies above 0.5 in the entire
collection, showed decreased frequencies in the sub-
set, while bands with frequencies below 0.5 in the
entire material increased their frequencies in the
subset (Figure 3).
A cluster analysis was performed and a dendro-
gram was produced illustrating the relationships
among the 69 plants included in the most diverse
subset, which was obtained using the Maximum
diversity program (Figure 4). The selected indivi-
duals clustered in a way that closely resembled
clustering among samples in the entire collection.
Again, plants from the Japanese, Canadian,
Estonian and Norwegian populations clustered
mainly in accordance with their provenance,
whereas plants from Swedish and Finnish popula-
tions were scattered over the dendrogram. Pairwise
similarity values in the subset ranged from 0.23 to
Table 4. Genetic diversity in the entire plant material (219
accessions) and subsamples (69 accessions) obtained by
different strategies.
Nei’s gene
diversity
Shannon’s
index
Entire material 0.300 0.670
Randomly chosen
collection (3 data sets)
0.301–0.304 0.663–0.669
Hierarchical sampling
strategy-based collection
0.322 0.698
Maximum diversity-based
collection
0.356 0.759
7290.81, as compared to 0.22 to 1.00 in the entire
collection, where two plants from the population
RK were identical.
Discussion
Lingonberry has a relatively brief history of domes-
tication and cultivation, but for millennia people
have picked berries in the forests. In present day in
Scandinavia, large quantities of lingonberries are
still gathered annually from native stands in conifer-
ous forests. Most of these berries are used for pro-
cessing, and the species is of considerable
economical importance, especially in Finland,
Sweden and Russia. However, recent changes in
forest management, variable fruit quality from
native stands, and fluctuations in annual yield
have stimulated initiatives to cultivate the species
in several North European countries (Gustavsson
1999). Lingonberry orchards have been established
recentlyalsointhe UnitedStatesof America.Sofar,
plant breeding efforts have been modest, and most
of the 17 hitherto recognized cultivars were derived
from selections in the wild (Gustavsson 1999).
Proper evaluation of genetic resources in native
material is especially important at the initial stages
of domestication. Apart from the identification of
material with desirable traits, there is also a need to
estimate the amount of genetic diversity and its
partitioning within and among populations.
Recent results obtained using DNA markers have
beenreviewedfortemperatefruitandberrycropsin
the Northern hemisphere (Antonius-Klemola 1999;
Hokanson 2001; Nybom et al. 2003). In
lingonberry, RAPD analysis was applied to analyse
Figure 3. RAPD band frequencies in the entire collection and in the subset obtained by using the Maximum genetic diversity program.
730geneticandgenotypicdiversityinmaterialcollected
from native Swedish lingonberry populations
(Persson and Gustavsson 2001). The use of 43
polymorphic RAPD markers was sufficient for the
identification of 29 different genotypes (¼ putative
clones) among the 129 plants analysed. These
Figure 4. UPGMA based dendrogram showing the relationships among 69 individuals in the subset obtained by using the Maximum
genetic diversity program.
731clones stretched linearly up to 30 m. In studies of
clonal species, wild populations are often described
in terms of their frequency of unique genotypes (D)
and the evenness (E) among these genotypes
(Ellstrand and Roose 1987). In lingonberry, both
D (mean 0.84) and E (mean 0.81) were higher than
the average for clonal plant species (Persson and
Gustavsson 2001). In addition to RAPD analysis,
an automated image analysis of leaf shape was used
to assess the amount of phenotypic variation and
partition it among and within populations. Both
approaches revealed that most of the variation
couldbeattributedtowithin-populationalvariation
(Persson and Gustavsson 2001).
Genetic relatedness among populations
In our study, both the dendrogram and the MDS
indicated close relationships between the Swedish
and Finnish populations. By contrast, the
Norwegian population, which also grows in the
Scandinavian peninsula, appeared to be relatively
genetically distant from the Finnish and the
Swedish populations. This population was col-
lected in the western part of Norway, where it was
separated from the Swedish populations by high
mountains, which may have acted as a barrier for
gene migration. The Japanese and Canadian popu-
lations, which belong to ssp. minus were, as
expected, genetically distant from the other popu-
lations, which all represent ssp. vitis-idaea. The
same Japanese population was also included in a
study on genetic variation in horticulturally impor-
tant traits where it differed in many traits from all
the other populations (Gustavsson 2001).
Genetic structuring of plant populations is
strongly influenced by both common ancestry
and current patterns of inter- and intrapopula-
tional genetic exchange (Schaal et al. 1998). We
found a significant correlation between RAPD-
based estimates of genetic distances and geographi-
cal distances except when the analysis was limited
to only the six Swedish populations. Similar evi-
dence of isolation-by-distance has been reported
for many other outcrossing plant species
(Gabrielsen et al. 1997; Graham et al. 1997; Le
Corre et al. 1997; Tollefsrud et al. 1998) but is
usually lacking in inbreeding species (Fahima
et al. 1999) or when the analysed samples derive
from closely growing populations (Fischer and
Matthies 1998; Gustafson et al. 1999; Stevens
et al. 1999).
Gene diversity
RAPD-based estimations of diversity within and
among wild-growing populations are generally
associated closely with life-history traits according
to a compilation of 108 studies (Nybom and
Bartish 2000). Nei’s gene diversity (in some cases
modified according to Lynch and Milligan 1994)
denoted as Hpop, was used for comparisons of
levels of within-population diversity in that compi-
lation. Breeding system had a profound effect, with
mean Hpop ¼ 0.12 for selfing species, 0.22 for spe-
cies with a mixed breeding system (selfing as well as
outcrossing), and 0.26 for outcrossing species. The
mean value for within-population diversity (Hpop)
was 0.206 in our study, which is in agreement with
a mixed breeding system, as previously reported for
lingonberry (Jacquemart and Thompson 1996). In
the compilation (Nybom and Bartish 2000), mean
values for Hpop were 0.24 for long-lived perennials,
0.23 for species dispersed by animal-ingested
seeds, and 0.20 for species characterized by a mid-
successional status in vegetation development, all
of which are traits that seem to be valid for lingon-
berry (Gustavsson 1999). As suggested also in
Persson and Gustavsson (2001), sexual reproduc-
tion appears to have played a significant role
in the establishment and growth of lingonberry
populations despite low levels of seedling recruit-
ment being observed in present-day populations
(Eriksson 1989).
Shannon’s index produced values that were
about twice as high as the values obtained with
Lynch and Milligan’s index for within-population
diversity. The mean Shannon’s index was 0.431 in
our study. For comparison, Shannon’s index was
0.568 when calculated for four Swedish popula-
tions (Persson and Gustavsson 2001). In both
cases, values are quite similar to those reported
in non-clonal, prevailingly outcrossing plant
species, such as Chaenomeles japonica (0.459) and
C. speciosa (0.552) (Bartish et al. 2000a).
Population differentiation is usually estimated as
the AMOVA-derived  st or as Gst, which yield very
similar values when calculated on the same mate-
rial (Nybom and Bartish 2000). In general, popula-
tion differentiation is negatively correlated with
732within-population diversity (Nybom and Bartish
2000). The partitioning of molecular variance
within and among populations is influenced
directly by the overall diversity of the plant sample.
Between-population variability accounted for only
15% of the total variance within Hippophae
rhamnoides ssp. rhamnoides (Bartish et al. 1999a)
but for 59.6% when the analysis was enlarged to
the entire genus (Bartish et al. 2000b). In our study,
between-population variability for the Swedish
populations was 9.4%, which is very similar to
the 10.8% obtained in a previous study (Persson
and Gustavsson 2001). When our analysis was per-
formed on the entire set of populations, between-
population variability accounted for 31.4%. Our
 -statistic values resemble the means reported by
Nybom and Bartish (2000) for outcrossing species
(0.28), for long-lived perennials (0.25), for species
with ingested fruits (0.29), and for mid-successional
species (0.40).
Selection of samples for ex situ conservation
Insufficient funding is often a problem in plant
breeding programs, and preservation of the most
valuable accessions becomes a priority when
resources are limited. These accessions can then
be used to help conserve the diversity of a crop
for future use by plant breeders and researchers.
To choose optimal material for a new gene bank,
criteria similar to those for the selection of ‘core
collections’ of already established gene banks, can
be used. Many studies have developed and com-
pared methods and strategies of assembling core
collections in different species (Schoen and Brown
1993; Diwan et al. 1995; Lerceteau et al. 1997;
Parsons et al. 1999; Marita et al. 2000; Chandra
et al. 2002; Dhanaraj et al. 2002). In our study, we
compared potential genebank collections chosen
by the use of (1) a hierarchical sampling strategy
(Parsons et al. 1999) and (2) the Maximum genetic
diversity program (Marita et al. 2000).
Various criteria can be used to determine the
extent to which degree of diversity has been main-
tained or even increased in a chosen subset out of a
larger, pre-existing plant collection. One of these
criteria is marker diversity estimated as Nei’s gene
diversity or Shannon’s index. Both of the system-
atically selected subsets in our study were consider-
ably more diverse than randomly generated
subsets, with the highest values obtained for both
Nei’s gene diversity and Shannon’s index when
using the Maximum genetic diversity program.
A second criterion is the number of bands
retained in the chosen subset. All revealed RAPD
bands were preserved in the subset based on the
Maximum genetic diversity program in our study.
Similarly, only 1.4 AFLP bands were lost in a
Maximum diversity program-generated subset
representing 31.9% of the initial plant collection
in sweetpotato Ipomoea batatas (Fajardo et al.
2002).
A third, and possibly the most important criter-
ion, is the extent to which the relative frequencies
of rare bands have been retained or even increased
in the chosen subset. Although rare genes are
sometimes considered to be peripheral in conser-
ving endangered species, they can be valuable in
plant breeding (Li et al. 2002). When acquiring
crop accessions for ex situ conservation, it is
important to preserve genes that govern traits of
potential value in commercial production. If the
plant material has not been sufficiently well char-
acterized for horticulturally important traits, as is
the case with lingonberry, we may avoid losing
such genes by preserving at least one specimen
from each population and by increasing the num-
ber of rare molecular markers in the hope that
these will occur in individuals that are also more
likely to carry rare genes. By using the Maximum
diversity program, we were able to select a subset
that preserved all rare RAPD bands, and their
frequencies were increased over those of the initial
plants sampled.
Cultivated and wild accessions clustered sepa-
rately in a study by Bradeen et al. (2002), where
AFLP and ISSR markers and cluster analysis were
used to study the genetic diversity in cultivated
carrot (Daucus carota L.) and wild Daucus popula-
tions. As expected in our more recently domesti-
cated species, cultivated accessions were instead
intermixed with wild accessions (Figure 4). Two
cultivars, ‘Ida’ and ‘Sussi’, which derive from wild
stands in the province of Sma ˚ land in Sweden, clus-
tered together.
In conclusion, the use of RAPD and the
Maximum diversity program was successful in
choosing a diverse and representative subset of
plants that can be used for establishing a new
genebank for lingonberry.
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735IVIntroduction
Apple, Malus x domestica Borkh., is one of the economi-
cally most important fruit crops in temperate zones. It is also a
very diverse fruit crop, with numerous different cultivars all over
the world, and the number is increasing rapidly (Sansavini et al.,
2004). Many apple cultivars have arisen as open-pollinated
seedlings, often of unknown origin. The exploitation of
naturally occurring mutations (bud-sports) in adapted cultivars
has also been important. In the last century, an increasing
number of cultivars have, however, been created by crosses
performed by plant breeders (Janick et al., 1996). 
Apple cultivars are maintained by vegetative propagation
and are monoclonal, which means that all individuals,
belonging to the same cultivar, are genetically identical. By
contrast, genetic diversity among cultivars, obtained by
sexual recombination, is expected to be rather high because
of self-incompatibility which enforces outbreeding and
results in heterozygosity (Kitahara et al., 2005). Many
recently developed apple cultivars have been designed to
incorporate genetically determined resistance towards apple
scab and some other fungal diseases and insect pests (Crosby
et al., 1992; Holb, 2000). Genes for disease resistance have
been obtained from wild relatives to our cultivated apple,
thus contributing to the genetic diversity in apple.
From its centre of origin in Central Asia, the apple was
introduced into Europe by Romans and for the last 2000 years,
the domesticated apple has diversified and flourished
worldwide (Harris  et al., 2002). Apples were brought to
Sweden from Central and Southern Europe, and the first apple
trees were planted around the 12th century, mainly in
monastery orchards. Apple growing with the aim to produce
fruits for commercial sale started in the 16th century. In
addition to foreign cultivars brought in from e.g. Germany and
England, new local cultivars originating as chance seedlings
were also grown when found to possess desirable characters
like large and tasty fruits. Such seedlings were selected,
propagated by grafting and distributed to other growers. 
Modern plant breeding, based on controlled crosses, has
been undertaken in Sweden first at Alnarp (1920–1960) and
then at Balsgård (from around 1950), both nowadays part of
the Swedish University for Agricultural Sciences. Both foreign
and indigenous cultivars have been used in these plant
breeding programs. At Balsgård, there is presently about 1000
different apple cultivars in a germplasm collection, which
includes old and new Swedish varieties as well as foreign
varieties which are adapted to the Swedish climate and/or
contain genes of special interest for plant breeding.
At present, publicly funded conservation of clonally
propagated plant genetic resources in Sweden is managed by
a governmentally appointed unit, the ‘National Program for
Diversity of Cultivated Plants’, which has defined a set of
mandate cultivars. Mandate cultivars are indigenous varieties
which have been named, bred, propagated and marketed in
Sweden. Some foreign cultivars with a long history of being
grown in Sweden are also included (Hjalmarsson & Wallace,
2004). In apple, 220 mandate cultivars have been appointed.
These cultivars are presently conserved mainly in smaller
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clone archives all over the country, usually at outdoor
museums or other public places. About 100 of these cultivars
are also present in the Balsgård collection.
Extensive collections of clonally propagated crops are
difficult and expensive to maintain. Accurate and permanent
genetic identification of individual genotypes is therefore of
outmost importance. All unnecessary duplicates, synonyms and
mis-labelled genotypes can then be identified and removed.
Proper characterisation also ensures that genotypes are true-to-
type, and enables users to refer character screenings to
unambiguously identifiable genotypes. Furthermore, estimates
of genetic relatedness among genotypes may be useful for
character screening: instead of screening all available
accessions, only those genotypes which appear to be the most
promising according to relatedness information, can be targeted.
Historically, so called pomological (morphological)
characters have been used for identification of apple cultivars
(Nilsson, 1986), but most of these characters are heavily
influenced by the environment. During the past few decades,
molecular markers have therefore became increasingly popular
in the characterization of apple collections, e.g., isozymes
(Weeden &  Lamb, 1985), RFLP (Nybom &  Shaal, 1990),
RAPD (Koller et al., 1993), AFLP (Xu & Korban, 2000), ISSR
(Goulao & Oliveira, 2001) and SSR (Gianfranceschi et al.,
1998, Liebhard et al., 2002). The most user-friendly of these
methods in terms of need for technical equipment, skills and
funding is RAPD, which has been used for identification of
apple cultivars (Koller et al., 1993; Mulcahy et al., 1993) and
rootstocks (Autio et al., 1998), to study genetic diversity in the
genus Malus(Dunemann et al., 1994; Zhou& Li, 2000), and for
paternity analysis (Harada et al., 1993). RAPD has also been
used in the early stages of genomic mapping projects (Conner
et al., 1997). Specific RAPD bands have been used as markers
of horticulturally important traits and have sometimes been
converted into co-dominant SCAR markers (Cheng et al.,
1996; Yang et al., 1997; Kim et al., 2003). Possible problems
with reproducibility within the same laboratory can be avoided
if the same protocol is applied and followed carefully (Mulcahy
et al., 1993) and only strong, clear and consistently amplified
bands are scored (Koller et al., 1993).
In this study, RAPD-markers were applied to some of the
cultivars in the Balsgård apple collection to: i) discriminate
among cultivars; ii) detect duplicates and mis-labellings; iii)
identify genetic relationships among cultivars; iv) evaluate
the genetic diversity and possible effects over time (ancient,
old and more recent cultivars) and space (Swedish and
foreign cultivars).
Materials and methods
Plant material
In total 151 apple cultivars were analysed (Table 1). Of
these, 94 are mandate cultivars with 68 originating in
Sweden. These 151 cultivars were divided into groups based
on their historical age: ancient (originated before 1800), old
Garkava-Gustavsson, L. & Nybom, H.
Table 1Apple cultivars analysed and their origination, marked with ‘?’if only
putative. Cultivars were divided into groups (I–VI), which are defined in Table 3.
Cultivars regarded as ‘mandate cultivars’in Sweden are marked with ‘M’after the
group number
Cultivar Origin Group Descendence
1 ‘Alexander’ Russia II, M
2 ‘Alfa 68’ Sweden V, M ‘Boskoop’x ‘Filippa’
3 ‘Algott’(B:0654) Sweden V ‘Astrakan,
Gyllenkrok’s’x
‘Worcester Pearmain’
4 ‘Alice’ Sweden  V, M Seedling of ‘Ingrid
Marie’
5 ‘Annero’ Sweden III,  M
6 ‘Antonovka Kamenichka’ Ukraina IV
7 ‘Antonovka Pamtorutka’ Russia IV, M
8 ‘Aroma’ Sweden V, M ‘Ingrid Marie’x ‘Filippa’
9 ‘Arvidsäpple’ Sweden III, M
10 ‘Aspa’ Sweden III, M
11 ‘Astrakan, Gyllenkrok’s’ Sweden I, M
12 ‘Astrakan, White’ Russia II, M
13 ‘Astrakan, Red’ Sweden I, M
14 ‘Astrakan, Stor Klar’ Sweden III, M Progeny of ‘Astrakan,
White’?
15 ‘Birgit Bonnier’ Sweden V, M ‘Cortland’x ‘Lord
Lambourne’
16 ‘Blenheim Orange’ England II
17 ‘Boiken’ Germany II
18 ‘Borgherre’ Netherlands? 
Germany? II, M
19 ‘Borsdorfer’ Germany II, M
20 ‘Boskoop’ Netherlands IV
21 ‘Brunnsäpple, Halland’ Sweden I, M
22 ‘Cellini’ England IV, M Seedling of ‘Langton’s 
Nonesuch’
23 ‘Charlamovsky’ Russia II, M
24 ‘Classic Red Delicious’ USA IV
25 ‘Close’ USA VI
26 ‘Cortland’ USA VI ‘Ben Davis’x ‘McIntosh’
27 ‘Cox’s Orange Pippin’ England IV, M Seedling of ‘Ribston’?
28 ‘Cox’s Pomona’ England IV, M Seedling of ‘Ribston’?
29 ‘Discovery’ England VI ‘Worcester Pearmain’x
‘Beauty of Bath’
30 ‘Domö Favorit’ Sweden III, M
31 ‘Drakenberg’ Sweden III, M
32 ‘Dronning Louise’ Denmark IV
33 ‘Edsele’ Sweden V, M
34 ‘Elise’(syn. ‘Roblos’) Netherlands VI ‘Septer’
x ‘Cox’s Orange Pippin’
35 ‘Elstar’ Netherlands VI ‘Golden Delicious’
x ‘Ingrid Marie’
36 ‘Eva-Lotta’ Sweden V, M ‘Cortland’x ‘James
Grieve’
37 ‘Fagerö’ Sweden III, M
38 ‘Farmors Juläpple’ Sweden V, M
39 ‘Fiholms Ribston’ Sweden V
40 ‘Filippa’ Denmark IV, M
41 ‘Flädie’ Sweden III, M Seedling of
‘Gravensteiner’?
42 ‘Fredrik’ Sweden V ‘Aroma’x selection
from USA
43 ‘Frida’ Sweden V ‘Aroma’x selection
from USA
44 ‘Frösåker’ Sweden III, M
45 ‘Fullerö’ Sweden III, M
46 ‘Förlovningsäpple’ Sweden III, M
47 ‘Gelber Richard’ Germany II
48 ‘Golden Delicious’ USA IV3 Genetic diversity in a collection of apple (Malus × domestica Borkh.) cultivars as revealed by RAPD markers
Cultivar Origin Group Descendence
49 ‘Goldparmain’ England IV, M
50 ‘Granatäpple, Kungsbacka’ Sweden I, M
51 ‘Gravensteiner’ Italy? 
Denmark? II, M
52 ‘Gravensteiner, Red’ Italy? 
Denmark? II, M
53 ‘Gravensteiner of Fusa’ Norway IV
54 ‘Grågylling’ Sweden I, M
55 ‘Grågylling from Skokloster’ Sweden I
56 ‘Guldborg’ Denmark IV
57 ‘Göteborgs Flickäpple’ Sweden III, M
58 ‘Hanaskog’ Sweden III, M Seedling of ‘Oranie’?
59 ‘Hannaäpple’ Sweden V
60 ‘Hedenlunda’ Sweden III, M
61 ‘Himmelstalund’ Sweden III, M
62 ‘Holsteiner Cox’ Germany VI Seedling of ‘Cox’s 
Orange Pippin’
63 ‘Holländaräpple’ Sweden III, M
64 ‘Hugoäpple’ Sweden V
65 ‘Hausmütterchen’ Germany II, M
66 ‘Höstkalvill, Gul’ Germany IV, M
67 ‘Ingrid Marie’ Denmark VI Possibly ‘Cox’s Orange
Pippin’x unknown
68 ‘Ivö’ USA/Sweden VI, M Synonym:‘Monroe 
seedling’, came to 
Sweden as budwood
69 ‘James Grieve’ Scotland IV Seedling of ‘Pott’s
Seedling’
70 ‘Jonathan’ USA IV Seedling of ‘Esop
Spizenburg’
71 ‘Josefiner’ Sweden III, M
72 ‘John-Georg’ Sweden V ‘Golden Delicious’x
‘James Grieve’
73 ‘Julyred’ USA VI
74 K:1016 Sweden V ‘Aroma’x selection
from USA
75 K:1016, Red Sweden V Possible sport of 
K:1016
76 K:1160 Sweden V ‘Katja’x ‘Priscilla’
77 K:1343 Sweden V Seedling of Coop14
(USA)
78 ‘Kalmar Glasäpple’ Sweden I, M
79 ‘Katja’ Sweden V, M ‘James Grieve’x 
‘Worcester Pearmain’
80 ‘Kavlås’ Sweden III, M
81 ‘Kesäter’ Germany II, M
82 ‘Kramforsäpple’ Sweden V
83 ‘Kim’ Sweden V, M ‘Cortland’x ‘Ingrid
Marie’
84 ‘Kingston Black’ England II
85 ‘Kinnekulle Kantäpple’ Sweden V, M
86 ‘Landskronaäpple’ Sweden V, M
87 ‘Langton’s Nonesuch’ England IV
88 ‘Larsmässeäpple’ Sweden I
89 ‘Laxton’s Superb’ England IV ‘Cox’s Orange Pippin’x
‘Wyken Pipping’
90 ‘Linda’ Canada VI Seedling of ‘Langford
Beauty’
91 ‘Linnaeus’Apple’ Sweden I, M
92 ‘Lobo’ Canada IV Seedling of ‘McIntosh’
93 ‘Maglemer’ Denmark II, M
94 ‘Mank’s Codlin’ England IV
95 ‘McIntosh, Rogers’ Canada II Seedling of ‘Fames’
96 ‘Melon’ Germany II, M
97 ‘Melon, Red’ Germany IV, M
98 ‘Melonkalvill’ Sweden III, M
Cultivar Origin Group Descendence
99‘Menigasker’ Sweden III, M
100‘Mio’ Sweden V, M ‘Worcester Pearmain’x
‘Oranie’
101‘Mutsu’ Japan VI ‘Golden Delicious’x
‘Indo’
102‘Mälsåker’ Sweden III, M
103‘Nanna’ Norway VI ‘Katja’x 
‘Buckley Giant’
104‘Norrstack’ Sweden III, M
105‘Norrviken’ Sweden III, M
106‘Oranie’ Sweden I,M
107‘Oretorp’ Sweden V, M
108‘Pigeon’ Denmark IV
109‘Prima’ USA VI PRI 14-510 x 
NJ 123249
110‘Prinsessäpple’ Netherlands II, M
111‘Queen Cox’ England VI Sport of ‘Cox’s Orange
Pippin’
112‘Reinette de Blenheim’ England II
113‘Rescue’ Canada VI Seedling of ‘Blushed
Calville’
114‘Ribston’ England II
115‘Ringstad’ Sweden III, M
116‘Risäter’ Sweden III, M
117‘Rosen Crab’ Russia IV
118‘Rödluvan’ Sweden V, M ‘Lobo’x ‘Barhatnoe’
119‘Sandbergs Röda’ Sweden V, M
120‘Signe Tillisch’ Denmark IV, M
121‘Silva’ Sweden V, M ‘Melba’x ‘Stenbock’
122‘Siv’ Norway VI ‘Katja’x ‘Buckley
Giant’
123‘Snövit’ Sweden V, M ‘Stenbock’x 
‘Pfirsichroter
Sommerapfel’
124‘Sparreholm’ Sweden III, M
125‘Spässerud’ Sweden I, M
126‘Stenkyrke’ Sweden I, M
127‘Stäringe Karin’ Sweden III, M
128‘Svanetorp’ Germany IV, M
129‘Suislepper’ Estonia IV, M
130‘Summerred’ Canada VI Seedling of
‘Summerland’
131‘Sylvia’ Sweden V, M ‘Astrakan,
Gyllenkrok’s’
x ‘Worcester Pearmain’
132‘Särsö’ Sweden V, M
133‘Sävstaholm’ Sweden III, M
134‘Sörmlandsäpple’ Sweden I
135‘Titovka’ Russia IV
136‘Transparente Blanche’ Russia? II, M
137‘Trogsta’ Sweden III, M
138‘Vallda’ Sweden III, M
139‘Veseäpple’ Sweden I, M
140‘Villands Glasäpple’ Sweden III, M
141‘Vista Bella’ USA VI NJ 77359 x ‘Julyred’
142‘Vitgylling’ Netherlands II, M
143‘Vittsjö’ Sweden III, M
144‘Vrams Järnäpple’ Sweden I, M
145‘Värmlands Sötäpple’ Sweden III, M
146‘Wealthy, Red’ USA IV
147‘Worcester Pearmain’ England IV Seedling of ‘Devonshire
Quarrenden’
148‘Åkerö’ Sweden I, M
149‘Åkerö, Gripsholm’ Sweden V, M Sport of ‘Åkerö’
150‘Ökna Lökäpple’ Sweden I, M
151‘Ökna Vita Vintergylling’ Sweden III, M4
(1800–1900) and new (after 1900) and their geographic
origination (Swedish or foreign) according to pomological
literature (Dahl, 1929; Nilsson, 1986; Svensson & Kastman,
2005). In total, six groups were thus defined: ancient Swedish
(17), ancient foreign (21), old Swedish (34), old foreign (29),
new Swedish (31) and new foreign (19) (Table 2). 
RAPD analysis
Young leaves were collected in April-May and stored at -80
°C until use. Leaves were ground to a powder with liquid nitrogen
in pre-cooled mortars. Approximately 100 mg of the powder was
used for isolation of total plant DNA using the Qiagen DneasyTM
Plant Mini Kit and following the Qiagen protocol.
PCR reactions were performed in volumes of 25 µL,
containing 20 ng of DNA, 1 x reaction buffer IV (Advanced
Biotechnologies), 2.5 mM MgCL2 (Advanced Biotechnologies),
0.5 µM primer (Operon Technologies), 0.2 µS PCR Nucleotide
Mix (Roche Diagnostics Corp.) and 1.0 unit Taq DNA Polymerase
(Advanced Biotechnologies). The steps for PCR amplification
were: one cycle of 5 min at 94 °C followed by 40 cycles of 1 min
at 94 °C, 1 min at 36 °C and 2 min at 72 °C and finally by one cycle
of 7 min at 72 °C. DNA fragments were separated by
electrophoresis in 1.8% agarose gel with a Tris-EDTA-Acetic acid
buffer (TEA). The gels were stained with ethidium bromide and
the amplification products were visualised under UV light and
documented with Polaroid photography for further analyses.
Molecular Weight Marker VI (Roche Diagnostics Corp.) was used
to determine the size of the DNA fragments.
A total of 186 decamer primers (Operon Technologies)
were checked for polymorphism, reproducibility and clarity
of the obtained patterns on a subset of 4 cultivars. Seven
primers were subsequently chosen for further analysis of all
the 151 cultivars (Table 3). To check the reproducibility
between runs, DNA of the same three plants was included in
every run. In addition, amplification of two different samples
was carried out twice in each PCR run.
Statistical analyses
Amplification products were scored manually. Each
RAPD band was treated as an independent locus with two
alleles, presence (1) or absence (0) of a band. Seventyone
polymorphic RAPD bands were entered into a binary matrix. 
The informativeness of each RAPD primer was evaluated
using the Polymorphic Index Content (PIC) (Ghislain et al.,
1999) calculated as in Garkava-Gustavsson et al. (2005).
To assess levels of molecular relatedness, Jaccard’s
coefficient of similarity was calculated for all pairwise
comparisons between cultivars. A distance matrix was then
used to perform a cluster analysis based on average linkage
between groups (unweighted pair group method algorithm,
UPGMA) (SPSS Data Analysis Package 11.0 for
Macintosh). A large dendrogram, representing the related-
ness among all 151 analysed cultivars, was produced.
Another Jaccard similarity matrix was obtained for 143
individual genotypes (duplicates were not included) and used
to perform a Principal coordinate analysis (PCO)
(NTSYS–pc statistical package, Rolf, 1998). A two-dimen-
sional plot was produced. 
To evaluate the amount of genetic diversity within groups of
cultivars, in the entire plant set and in the set of mandate
cultivars, two diversity indices were used: Nei’s gene diversity
index, H (Nei, 1987) and Shannon’s diversity index, H’(Bussell,
1999). The Nei’s gene diversity was calculated as in Maritaet al.
(2000) and Shannon’s diversity index as in Garkava-
Gustavsson et al. (2005). Shannon’s index was also used for
partitioning of diversity in its within- and betweengroup
components. The index was calculated for each locus
G’GROUP/ENTIRE(i)= (H’ENTIRE(i)- H’GROUP(i))/H’ENTIRE(i),
where H’GROUP(i) is the average Shannon’s index per locus,
calculated by averaging H’GROUP(i) over all groups. Mean value
of G’GROUP/ENTIRE(basically the same as G’-statistics) was then
calculated by averaging G’GROUP/ENTIRE(i) over all markers. In
addition, frequencies of individual RAPD bands were calculated
in both the entire plant material (151 cvs) and in the subset of
Swedish (but not necessarily indigenous) mandate
cultivars (94 cvs) in order to reveal any overall
changes, as in Garkava-Gustavsson et al. (2005). 
Results
RAPD polymorphism
Out of 186 oligonucleotide primers initially
screened with four apple cultivars, 9 primers
showed high levels of polymorphism and good
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Table 2 Number of investigated apple cultivars (within parentheses the
original number before duplicates and mislabelled samples had been
deleted) used to calculate within-group genetic diversity, measured by Nei’s
diversity index (H) and Shannon’s index (H’) (including standard error) in
historically and geographically different groups
Group
No. of  Nei’s diversity Shannon’s
cultivars index, H index, H’
I Ancient Swedish 16 (17) 0.260 (0.022) 0.539 (0.042)
II Ancient foreign 19 (21) 0.276 (0.023) 0.568 (0.044)
III Old Swedish 33 (34) 0.248 (0.023) 0.523 (0.045)
IV Old foreign 28 (29) 0.281 (0.022) 0.585 (0.042)
V New Swedish 29 (31) 0.270 (0.021) 0.567 (0.038)
VI New foreign 18 (19) 0.235 (0.023) 0.493 (0.044)
x = 0.262 x = 0.546
Table 3 Selected primers used for RAPD analysis
Primer Sequence  Number of Number of Polymor- Size  RAPD
(5´ to 3´) scored  polymor-  phic range primer
bands phic bands  bands (%) index
OPA-08 GTGACGTAGG 15 15 100.0 180–1300 3.69
OPA-19 CAAACGTCGG 12 12 100.0 240–1200 2.66
OPF-11 TTGGTACCCC 7 4 57.1 240–1500 1.75
OPF-19 CCTCTAGACC 13 13 100.0 453–2170 4.20
OPK-16 GAGCGTCGAA 14 12 85.7 270–1230 2.90
OPM-09 GTCTTGCGGA 8 8 100.0 430–1176 1.97
OPY-17 GACGTGGTGA 9 7 77.8 250-850 1.795
reproducibility. Two of them, OPF-13 and OPG-06, were
difficult to score unambiguously because of differences in
band intensity and were therefore excluded. Thus, seven
primers which detected distinct, clearly resolved and
consistently reproducible amplification products were
selected for further analyses. These seven primers generated
a total of 77 reliable fragments. The band size ranged from
180 bp to 2170 bp. Number of polymorphic bands ranged
from 4 to 15, while the proportion of polymorphic bands
varied from 57.1% to 100% (Table 3). In total, 71 bands were
polymorphic in the entire set of cultivars. Five of these were
unique, i.e. present in one cultivar but not in any other. In
addition, nine bands were rare, here defined as present in less
than 5% of all cultivars.
Based on pairwise comparisons with Jaccard’s coefficient
of similarity, we checked band-by-band DNA-profiles for all
cultivars for which the Jaccard value was equal to 1. As
expected, the sports ‘Melon, red’, ‘Gravensteiner, red‘,
‘K:1016, red’ and ‘Åkerö from Gripsholm’ had profiles
identical with those obtained for their progenitors (‘Melon’,
‘Gravensteiner’, K:1016 and ‘Åkerö’). We also compared
RAPD banding patterns for two trees labelled with the
synonymous names ‘Blenheim Orange’ and ‘Reinette de
Blenheim’ respectively, and these were also identical as
expected. The cultivar ‘Fagerö’was identical to ‘Grågylling’as
suspected since these have been described as very similar, with
‘Fagerö’possibly being a red sport of the latter (Nilsson, 1986).
It was somewhat more surprising to find that ‘Spässerud’, an
old Swedish cultivar from the province of Värmland, was
identical to the slightly younger cultivar ‘Särsö’ originating
from the province of Östergötland but described as being rather
similar to ‘Spässerud’ (Nilsson, 1986). In this case we
performed some additional analyses, in which we compared
RAPD profiles of ‘Spässerud’and ‘Särsö’from our collections
with profiles of ‘Spässerud’ from three different locations in
Sweden (Mårbacka, Årnäs and Gränna), and with ‘Särsö’from
Finland. All these samples showed identical RAPD profiles.
The cultivars ‘Grågylling from Skokloster’ and ‘Alexander’
also had identical DNA profiles, but these cultivars are quite
distinct according to pomological literature. Observation of the
two trees in the Balsgård collection indicated that both
represent true ‘Alexander’, thus suggesting that the tree
previously regarded as‘Grågylling from Skokloster’ was
mislabelled. Based on our results, the now documented sports
or duplicates ‘Gravensteiner, red’, ‘Melon, red’, ‘K:1016, red’,
‘Åkerö from Gripsholm’, ‘Reinette de Blenheim’, ‘Fagerö’,
‘Särsö’and ‘Grågylling from Skokloster’were deleted from the
statistical analyses of genetic diversity.
Another case, where we expected to find identical
profiles, was the comparison of ‘Cox’s Orange Pippin’ with
its sport ‘Queen Cox’. One of the bands amplified by primer
OPM-09 was, however, found only in ‘Cox’s Orange Pippin’.
Whether this band was amplified from a region that truly
differs between the ancestral cultivar and its derivative, or
whether the band difference is artefactual is not yet known.
We decided, however, to retain both of these cultivars in the
further analyses.
Cluster analysis and Principal coordinate analysis (PCO)
A UPGMA dendrogram, illustrating the molecular
relatedness in the entire set of 151 cultivars (Figure 1) was
constructed. No major clusters were observed in the
dendrogram, and there was little grouping that could be
associated with geographic origination or historical age:
Swedish and foreign, old and new cultivars were completely
intermingled. 
Many cultivars grouped in accordance to their known
descendance: either together with one of their parents or
together with the other cultivars with common ancestors.
‘Cox’s Orange Pippin’ of course clusters closely with its
sport ‘Queen Cox’ from which it differed by only one DNA
band, and also with another offspring, namely ‘Holsteiner
Cox’. By contrast, its alleged mother ‘Ribston’, its alleged
sibling ‘Cox’s Pomona’ and three other offspring, namely
‘Elise’, ‘Ingrid Marie’ and ‘Laxton’s Superb’ occur further
apart in the dendrogram.
The analysed material contained three cases of sibling
cultivars. First, K:1016 and ‘Fredrik’ belong to the same
cluster as their mother ‘Aroma’, while a third sibling, ‘Frida’,
occurs somewhat further apart, as also ‘Filippa’which is the
mother of ‘Aroma’. Second, B:0654 and ‘Sylvia’, which
derive from a cross between ‘Astrakan, Gyllenkrok’s’ and
‘Worcester Pearmain’, cluster together with one another but
not with either of the parents. Interestingly, ‘Worcester
Pearmain’ does not cluster closely with any of its other
offspring (‘Discovery’ and ‘Katja’) either. Finally, the
siblings ‘Siv’ and ‘Nanna’ occur quite far apart from one
another, and from their mother ‘Katja’, which instead
clusters with ‘Mio’ with which it shares one parent, namely
the above-mentioned ‘Worcester Pearmain’.
Other cases of clustering between parents and offspring
involve ‘Boskoop’and its offspring ‘Alfa 68’, ‘Cortland’and
its offspring ‘Birgit Bonnier’ and ‘Eva-Lotta’, ‘Golden
Delicious’ and its offspring ‘Elstar’, ‘John-Georg’ and
‘Mutsu’, and ‘Ingrid Marie’ and its offspring ‘Alice’ and
‘Kim’. By contrast, cases where a parent does not cluster
closely with its offspring include ‘Cortland’and its offspring
‘Kim’, ‘Filippa’ and its offspring ‘Alfa’, ‘Ingrid Marie’ and
its offspring ‘Aroma’ and ‘Elstar’, ‘James Grieve’ and its
offspring ‘Eva-Lotta’, ‘John-Georg’ and ‘Katja’, ‘Julyred’
and its offspring ‘Vista Bella’, ‘Katja’ and its offspring
K:1160, ‘Lobo’and its offspring ‘Rödluvan’, and ‘McIntosh’
and its offspring ‘Cortland’ and ‘Lobo’. Interestingly, of all
12 cultivars having both parents included in the analyses, all
but the three Balsgård varieties B:0654, ‘Katja’and ‘Sylvia’
(all of them offspring of ‘Worcester Pearmain’) clustered
with one of the parents.
Most of the older, indigenous mandate cultivars have an
unknown origin. According to the dendrograms, a closer rela-
tionship might be suspected between the following pairs: ‘An-
nero’ and ‘Sparreholm’, ‘Astrakan, Stor Klar’ and ‘Ar-
vidsäpple’, ‘Aspa’and ‘Kalmar Glasäpple’, ‘Farmors Juläpple’
and ‘Astrakan, red’, ‘Åkerö’ and ‘Vitgylling’, ‘Hedenlunda’
and ‘Frösåker’, ‘Sävstaholm’and ‘Kramforsäpple’. 
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The PCO analysis, applied to 143 individual genotypes,
explained only 11% of the diversity on the first two principal
components and confirmed the general pattern of
intermingling among cultivars (Figure  2). There was,
however, a clear tendency for the foreign cultivars (especially
the most recent ones) to group in the leftmost half of the plot
whereas the Swedish cultivars were more evenly distributed. 
Genetic diversity
Genetic diversity value in the entire set of 151 cultivars
measured with Nei’s diversity index, HENTIRE, was 0.269.
Corresponding value for Shannon’s index was H’ENTIRE= 0.594.
The diversity estimators yielded only slightly lower values when
calculated for the subset of 94 mandate cultivars: HMANDATE =
0.263 and H’MANDATE = 0.575. These diversity estimators were
also calculated for each of the 6 groups of cultivars, yielding the
mean values of H = 0.262, and H’= 0.548 (Table 3). The highest
level of genetic diversity was observed for group 4, old foreign
cultivars (H = 0.281; H’= 0.585) and the lowest for group 6, new
foreign cultivars (H = 0.235; H’= 0.493). Only 14.6% of the total
diversity resided between groups, which indicates a high
diversity within groups compared to a rather low degree of
differentiation between groups.
Another way to compare diversity in the entire set of
cultivars with the subset of mandate cultivars is to analyse
RAPD-band frequencies. Plotting these band frequencies,
from the most common band to the least common band in
both data sets, shows that there were very few discrepancies
(Figure 3). Bands, that were common in the entire set,
remained common also in the subset of mandate cultivars,
and the rare bands did in most cases neither increase nor
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Figure 1.A dendrogram, illustrating molecular relationships among 151 analysed apple cultivars7
decrease in frequency. Five RAPD bands were, however,
absent in the subset of mandate cultivars, showing that some
gene regions are lacking in this subset.
Discussion
The purpose of our study was to obtain a quick preliminary
evaluation of genetic diversity in the Balsgård germplasm
collection and to find possible duplicates, synonyms and
mislabellings, and therefore we chose to use RAPD. To ensure
good reproducibility, great care was taken in primer selection: a
large number of primers were screened and only those
providing consistently amplified bands were chosen. In a
different study, the same set of apple cultivars have been
analysed with SSR markers (Garkava-Gustavsson et al.,
unpublished). Compared to RAPD, SSR-based analysis lends
itself better to the setting up of shared marker score sheets but
the high mutation rates can make these markers less useful for
relatedness studies (Weising et al., 2005). 
Identification and relatedness among cultivars
Unambiguous identification of research material
becomes especially important when costly screenings are
made of e.g. content of phenolic compounds and allergenic
proteins (Nybom et al., in press) and disease resistance
(Mattisson & Nybom, 2005). For plant breeders and other
users, it is similarly important to have access to correctly
identified plant material, which does, in fact, contain the
genes and traits expected from previous investigations and
analyses. RAPD markers have previously proven to be useful
for identification of putative duplicates and misclassifications
in the collection of e.g. yam cultivars (Dansi et al., 2000).
As expected, we could easily distinguish all the cultivars
except for most of the somatic mutations (sports) like
‘Gravensteiner, red, ‘Melon, red’, ‘K:1016, red, ‘Åkerö from
Gripsholm’ and ‘Fagerö’. These sports were omitted from
further diversity analyses. We also obtained identical RAPD
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Figure 2. A two-dimensional plot of PCO analysis of 143 individual apple
genotypes belonging to different historical and geographical groups (all
duplicates are removed).
Figure 3 Comparison of RAPD band frequencies in the entire set of apple
cultivars (151 cvs) and in the subset of Swedish mandate cultivars (94 cvs).8
profiles for the Swedish cultivars ‘Spässerud’ (first described
in 1903) and ‘Särsö’ (first described in 1917). Apparently,
these cultivars are therefore either completely identical, or –
perhaps more likely – one of them has been derived as a sport
of the other since fruit flesh colour is reported to be somewhat
different (Nilsson, 1986). We found one obvious case of
mislabelling; the tree labelled ‘Grågylling from Skokloster’
was instead ‘Alexander’. A similar case was revealed in a small
pilot study (Garkava-Gustavsson & Nybom, 2003), in which
‘Astrakan, white’ appeared to be identical to ‘Astrakan, stor
klar’. The RAPD-profile of our ‘Astrakan, white’ was
compared to a profile derived from analysis of a tree in the
collection at Pikkiö in Finland, and appeared to be different.
We concluded that our ‘Astrakan, white’was mislabelled, and
in this study it was therefore substituted with ‘Astrakan, white’
from Finland. Interestingly we did, however, find a one-band
difference between our samples of ‘Cox’s Orange Pippin’and
its alleged sport ‘Queen Cox’. Since sexual recombination
usually results in much larger band profile differences, it
appears that our material of ‘Queen Cox’ does, indeed,
represent a sport. Whether the band difference is artefactual or
actually reflects a genetic difference in a mutated region must
be further investigated. 
RAPD markers have usually failed to differentiate among
sports also in previous studies of apple identification
(Harada et al., 1993; Goulao  et al., 2001). Nevertheless,
RAPD markers were efficient in differentiating between the
original cultivar and its new radiomutants in chrysantemum
(Lema-Ruminska et al., 2004). Experimentally applied
mutagenics are, however, likely to cause considerably more
changes in the genome than in the case of spontaneous sport
mutations. 
By contrast, RAPD as well as many other DNA-based
markers have proven very useful in determining whether
different cultivars have arisen by recombination or as sports.
Using SSR, the nature of genetic identity was determined for
seven pairs of apple cultivars in the core subset collection at
USDA-ARS (Hokansson et al., 1998). The authors concluded
that five pairs contained sport mutations and/or their
progenitors, one accession was mislabelled and another one
had probably a synonymous name or was a sport mutation.
The clustering of cultivars in our dendrogram, and in our
two-dimensional PCO plot, showed very weak associations
with geographic origin or the historical age of the
investigated cultivars. Similarly, an SSR-based dendrogram,
produced for the subset of 68 indigenous Swedish mandate
cultivars, failed to produce well defined clusters (Garkava-
Gustavsson et al., unpublished). A corresponding lack of
association between geographical origin and clustering in a
dendrogram has also been reported for e.g., mulberry
(Vijayan et al., 2005), pear (Monte-Corvo et al., 2000) and
olive (Grati-Kamoun et al., 2006). The fact that the Swedish
apple cultivars were scattered all over the dendrogram, as
well as the PCO plot, indicates that they represent a more or
less random set of molecular phenotypes and derive from a
broad gene pool, obtained through hybridisation between
highly heterozygous apple genotypes during several centu-
ries of apple cultivation. Some of the most popular cultivars
have a slow turnover and are more than a hundred years old.
The pattern of diversity observed in our study is typical of
longlived crops, for which germplasm has been shared
extensively around the world.
By contrast, Pereira-Lorenzo et al. (2007), using SSR
markers, revealed regional differentiation among local
Spanish cultivars based on PCA (Principal Component
Analysis) and cluster analysis. In Spain, apple growing and
cultivar development has, however, a much longer history
than in Sweden. Still the differentiation values (Fst) were
low, suggesting the origination of local cultivars from a
common gene pool, high gene flow between regions and
minimal genetic isolation among populations. 
We found a strong tendency for cultivars to cluster with
one of their parental cultivars. Many other studies have
similarly reported that apple genotypes cluster on UPGMA
dendrograms in accordance with pedigree information
(Goulao et al., 2001; Gardner & Hokanson, 2005). These
results suggest that closely clustering cultivars can be
regarded as genetically more similar than average cultivars.
Consequently, information on clustering cultivars can
become useful in character screenings; only those genotypes
which appear to be most promising can be targeted instead of
screening all available accessions.
Genetic diversity
Diversity values obtained with Shannon’s index in our
study were about twice as high as the values obtained with
Nei’s diversity index. The mean value of Shannon’s index for 6
groups of cultivars was 0.546, and slightly higher, 0.593, when
calculated across all cultivars. These values are similar to the
mean value for wildgrowing populations of the outcrossing
flowering quince Chaenomeles speciosa (0.552) (Bartish et al.,
2000), somewhat higher than the mean value for collection sites
of cultivated clones of the outcrossing Ethiopian crop plant
Ensete ventricosum (0.498) (Birmeta et al., 2002) and
somewhat lower than the mean value for wildgrowing
populations of E. ventricosum (0.630) (Birmeta et al., 2004). 
Mean value for Nei’s genetic diversity was 0.262 in our
study of six groups of apple cultivars and 0.268 when
calculated for the entire set. These values are very similar to
those obtained by Marita et al. (2000) for randomly sampled
clones of cacao (0.305) and Capsicum (0.269), and
approximately twice as high as for a collection of sour
orange accessions (0.122) (Siragusa et al., 2006). All in all,
apple appears to hold average values of genetic diversity
when compared to other outcrossing crop species, and
variously defined subsets hold almost the same amount of
diversity as a larger set with cultivars originating at different
points of time from a large array of different countries.
During the last twenty years, the number of apple
breeding programs and released cultivars has increased
remarkably. However, of the 1000 new cultivars released in
these two decades, a majority are sports (mutant clones)
(Sansavini et al., 2004) and therefore do not contribute to a
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widening of the gene pool. Despite the recent activity in
apple breeding, it has instead been suggested that the actually
utilized gene pool is becoming dangerously narrow (Noiton
& Alspach, 1996). 
In our study, a small tendency towards a narrowing of the
gene pool can be seen in the lower diversity for recent foreign
cultivars compared to the other investigated groups of
cultivars. The 18 cultivars belonging to the group ‘recent
foreign’, represent 8 countries (USA, Canada, England,
Netherlands, Norway, Denmark and Japan). Both parents are
known for 8 of these cultivars while one parent is known for
6 cultivars, three have completely unknown pedigrees and
one (‘Queen Cox’) is a sport. Pedigree analysis shows that
‘Cox’s Orange Pippin’, ‘Golden Delicious’, ‘McIntosh’ and
‘Worcester Pearmain’ are the most commonly occurring
cultivars in the pedigrees for the recent foreign group.
Interestingly, a corresponding decrease of genetic
diversity could not be seen in the group with recent Swedish
cultivars, which is probably due to the rather broad range of
cultivars used in breeding programs. Ancient indigenous
cultivars like ‘Astrakan, Gyllenkrok’s’ have been used along
with old foreign cultivars and novel selections.
Choice of mandate cultivars
Many studies have been devoted to the development and
comparison of strategies and methods for assembling gene-
banks and core collections in different plant species (Dwivedi
et al., 2005; Garkava-Gustavsson et al., 2005; van Raams-
donk & Wijnker, 2000). At Balsgård, an active germplasm
collection with approximately 1000 cultivars is being used in
plant breeding and research. In addition, a set of cultivars,
mostly of Swedish origination, have been granted ‘mandate
cultivar’ status in Sweden and are now conserved mainly at
outdoor museums and other public places, although many of
them are also present in the Balsgård collection. The mandate
cultivar status was accorded on historical merits and no
priority has been given to the preservation of genetic diversity
or to the availability of particular genes of interest for research
and breeding. We therefore compared a set of cultivars from
the active collection (151 cvs) with a subset containing only
mandate cultivars (94 cvs). Both diversity values (Nei’s
genetic diversity and Shannon’s index) were only marginally
lower in the collection with mandate cultivars, suggesting that
it has the same amount of variation as a randomly sampled
collection would have. By contrast, collections created to
preserve maximum genetic variation should have more
diversity than randomly assembled collections. Thus, the
mean genetic diversity in a collection of Theobroma cacao,
created by the Maximum genetic diversity program was 0.377
compared to 0.305 in the case of random sampling (Marita et
al., 2000). For Capsicum corresponding values were 0.361
and 0.269 (Marita et al., 2000) and for Vaccinium vitis-idaea
0.356 and 0.303 (Garkava-Gustavsson et al., 2005).
We also compared band frequencies in our two sets of
cultivars, and there were no major changes although 5 bands
were missing in the set of mandate cultivars. However, bands
that were common in the entire collection remained common
in the subset, and rare bands remained rare. By contrast,
when a subset of lingonberry (Vaccinium vitis-idaea)
genotypes had instead been choosen by a Maximum diversity
algorithm procedure, all bands were preserved and moreover,
the rare bands increased in frequency while common bands
decreased (Garkava-Gustavsson et al., 2005).
Usually, mandate cultivars, aimed at preservation of
mainly indigenous genetic resources, contain genotypes
chosen for their cultural and historical values. This has
clearly been the case for the mandate apple cultivars in
Sweden. Although one could expect some overall similarities
due e.g., to their adaptation to a cold climate, these cultivars
appear to genetically constitute a random sampling and
contain the same amount of variation as the larger set of
Swedish and foreign cultivars analysed in our study.
A rather different approach for preservation of genetic
resources has been taken in several other countries. Although
conservation of historic cultivars is one of the purposes for
gene banks in e.g., the National Plant Germplasm System
(NPGS, www.ars-grin.gov/npgs) in USA, one of the main
goals is to provide plant material for basic plant genetic
research and breeding (Postman et al., 2006). Consequently,
this gene bank as well as others, e.g., the National Fruit
Collections at Brogdale in England (www.brogdale.org) and
The Vavilov Institute in Russia (www.vir.nw.ru), contain
carefully chosen cultivars from all around the world,
including genotypes with especially important genes
governing e.g., resistance against various diseases. The core
collections developed at e.g., PGRU, which is a part of the
NPGS, can therefore be regarded as sources of genes, rather
than sources of genotypes and clones (Volk et al., 2005).
Obviously in countries like Sweden, preservation of mandate
cultivars must be complemented with preservation of
germplasm that has been selected to increase genetic
variation and to provide important genes in order to better
fulfill the needs of researchers and plant breeders.
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Abstract 
Trees of 68 apple cultivars, aimed for preservation by the ‘National Program for diversity of 
cultivated plants’ as mandate cultivars, were analysed using a set of 10 SSR (Simple 
Sequence Repeat) primer pairs and the self-incompatibility (S-)locus to evaluate genetic 
diversity and reveal inter-cultivar relationships. The 12 polymorphic SSR loci exhibited 2 to 
15 alleles, with expected heterozygozity (He) ranging from 0.36 to 0.88 and a mean of 0.74. 
Numerous alleles were classified as rare or unique (35% and 18% respectively). For the S-
locus, a total of 14 alleles were identified in this study. Five alleles, S1–S3, S5 and S7 had 
frequencies ranging from 11 to 18%, whereas the remaining 9 alleles were below 6%. All 
sexually obtained cultivars could be distinguished with the set of SSR loci. Sports were 
identical with their progenitors in two cases, but differed in one SSR allele in a third case. 
An SSR-based dendrogram, based on Roger’s genetic distances, did not reveal any clear 
pattern of clustering. The genetic distances were, however, correlated with a corresponding 
matrix obtained in a previously conducted RAPD-based study of the same cultivars. Non-
mandate parents of Swedish mandate cultivars together with some other reference cultivars 
were included in this study to check the accuracy of allele scoring, verify parentage and 
compare the results of this study with those presented in previously published studies. Some 
discrepancies in allele sizing were revealed and the possibilities of avoiding this problem 
are discussed.  
 
Introduction 
Accurate and permanent identification of plant material within a germplasm 
collection is of utmost importance, especially for vegetatively propagated cultivars 
which are expensive to maintain, and should consist of a single genotype in the 
whole distribution area. In Sweden, the preservation of clonally propagated plants 
is presently managed by a governmentally appointed unit, the ‘National Program 
for Diversity of Cultivated Plants’. Mandate status has been granted to indigenous 
cultivars which have been named, bred, propagated and marketed in Sweden. 
Some foreign cultivars with a long history of being grown in Sweden are also 
included (Hjalmarsson & Wallace, 2004). In apple (Malus x domestica Borkh.),   2 
about 220 mandate cultivars have been appointed and are now conserved mainly in 
11 clone archives (each with 10–50 mandate cultivars) located at outdoor 
museums or other public places. The largest apple collection in Sweden, with 
about 1000 cultivars in total, is however found at Balsgård in the southernmost 
province Skåne, where both research and applied breeding of new cultivars is 
undertaken. Of the 100 mandate cultivars in the germplasm collection at Balsgård, 
68 have apparently been developed in Sweden, and are regarded as having a 
Swedish origin although one or both parents may have been developed elsewhere. 
  
Unfortunately, many of the older (local) cultivars have not been properly 
identified, and there are problems with e.g., synonyms and mis-labellings in these 
plant collections. In order to ensure that our research data, obtained from rather 
costly analyses of e.g., chemical contents in apple cultivars (Nybom et al., in 
press), can be unambiguously connected with well-identified genotypes, we need 
to provide these cultivars with proper and lasting identification. Morphological 
characters have historically been, and still are, used for identification of apple 
cultivars (Nilsson, 1986; Svensson & Kastman, 2005), but environmentally 
induced variation makes correct identification difficult. Therefore, molecular 
protein-based markers like isozymes (Weeden & Lamb, 1985), and DNA-based 
markers have become increasingly popular in the characterisation of apple genetic 
resources. 
 
Several molecular DNA techniques have been employed for characterisation of 
apple germplasm collections, as well as in apple genetics and breeding, i.e., RFLP 
(Nybom & Shaal, 1990), RAPD (Koller et al., 1993), ISSR (Goulao & Oliveira, 
2001), AFLP (Xu &Korban, 2000) and SSR (Liebhard et al., 2002). Each of these 
methods has its strengths and weaknesses. During the past 10–15 years, 
microsatellites or Simple Sequence Repeats have become the markers of choice for 
verification of cultivar identity and for diversity studies due to their abundance in 
plant genomes, large number of alleles per locus and high informativeness, 
codominant inheritance, and suitability for automatization  (Weising et al., 2005). 
SSR loci are relatively easy to score, and alleles are inherited in a Mendelian 
manner, which allows the verification and reconstruction of cultivar pedigrees. In 
addition, triploid and tetraploid individuals are revealed by the appearance of more 
than two alleles per locus. In apple, SSR markers have been used for assessment of 
genetic diversity in germplasm collections (Guarino et al., 2006; Pereira-Lorenzo 
et al., 2007), cultivar identification (Guilford et al., 1997; Galli et al., 2005), 
fingerprinting of apple rootstocks (Oragusie et al., 2005), construction of genetic 
linkage maps (Kennis & Keulemans, 2005; Silfverberg-Dilworth et al., 2006) and 
for parent identification (Kitahara et al., 2005).  
 
Another, highly polymorphic locus is the S-locus, which encodes for the 
different S-RNases that determine the S-alleles of different genotypes and causes 
self-incompatibility. Apple cultivars that share one S-allele have reduced 
compatibility and do not achieve their potential yield capacity if planted together 
with no other cultivars close-by (Schneider et al., 2005). If both S-alleles are 
shared, the cultivars are usually incompatible and do not yield at all except for 
occasional fruits obtained by bypassing the self-incompatibility system through 
pollination between genetically incompatible genotypes or through selfing. In  3  
apple, allele-specific primer pairs have been developed and used in a number of 
cultivar screenings (Janssens et al., 1995; van Nerum et al., 2001; Broothaerts 
2003; Broothaerts et al., 2004; Melounova et al., 2005; Matsumoto et al., 2007). 
Information about S-locus allele composition can be used for identification of 
apple cultivars and determination of parentage (Kitahara et al., 2005) if 
complemented with other marker systems. 
 
The purpose of this study was i) to fingerprint 68 mandate apple cultivars with 
SSR and S-locus markers and ii) to determine genetic diversity and examine 
genetic relationships within the set of mandate cultivars. 
 
Material and Methods 
Plant material 
One tree of each of 68 apple cultivars, designated as ‘Swedish mandate cultivar’ 
and originating from Sweden, were analysed in this study (Table 1). These trees 
had previously been analysed by RAPD markers as part of another study 
(Garkava-Gustavsson & Nybom, 2007). The material included some cultivars with 
known ancestry: ‘Alfa 68’ (‘Boskoop’ x ‘Filippa’), ‘Alice’ (‘Ingrid Marie’ open 
pollination), ‘Aroma’ (‘Ingrid Marie’ x ‘Filippa’), ‘Eva-Lotta’ (‘Cortland’ x 
‘James Grieve’), ‘Katja’ (‘James Grieve’ x ‘Worcester Pearmain’), ‘Kim’ 
(‘Cortland’ x ‘Ingrid Marie’), ‘Mio’ (‘Worcester Pearmain’ x ‘Oranie’), and 
‘Sylvia ‘ (‘Astrakan, Gyllenkrok’s’ x ‘Worcester Pearmain’). The non-mandate 
parents were added to the study to check the pedigree information. In addition, 
several reference cultivars were included to facilitate comparisons with previously 
published allele-size data. However, only the basic set of 68 cultivars was used in 
the statistical analyses.  
 
DNA-isolation 
Newly expanded leaves were collected in April–May and stored at -80°C until use. 
Leaves were powdered with liquid nitrogen in pre-cooled mortars. Genomic DNA 
was isolated from approximately 100 mg of leaf powder using the Qiagen 
Dneasy
TM Plant Mini Kit and following the manufacturer's protocol.  
 
SSR analysis 
Ten SSR primer pairs were used in this study (Table 2). All primer pairs were 
obtained from the list of 140 (Liebhard et al., 2002): CH01d03, CH01h02, 
CH02b10, CH02c06, CH02c09, CH02c11, Ch02d08, CH04c06, CH04e05, COL. 
All but one, CH02b10, belong to the “standard set” defined by the European 
working group on apple genetic resources (Laurens et al., 2004; Guarino et al., 
2006). The primer pair CH02b10 had previously been used successfully at our 
laboratory (Mattisson & Nybom, 2005) and was therefore included in this study.    4 
 
All PCR amplifications were performed in a 15 l volume according to 
Gianfranceschi  et al. (1998). A Px2 Thermal Cycler (Thermo Hybaid) was 
programmed according to the original protocol (Gianfrancheschi et al., 1998) for 
all primer pairs, except CH02c06. The cycling profile for Ch02c06 was modified 
according to K. Antonius, MTT, Finland (personal communication) and consisted 
of an initial denaturation at 94°C for 2 min 30 s followed by 34 cycles of 94°C for 
30 s, 58°C for 1 min, 72°C for 1 min. A final extention at 72°C for 5 min was 
included. PCR products were preliminary checked by running on 2% agarose gel 
in a 1x TBE buffert, stained with ethidium bromide and visualised by UV light.  
 
The forward primers were fluorescently labelled at the 5’-end with either FAM 
(Ch01d03, CH04c06, Ch04e05) or HEX (CH01H02, CH02b10, CH02c06, 
Ch02c09, CH02c11, CH02d08, COL). The PCR products were separated and 
analysed on a 3730 DNA Analyzer (Applied Biosystems). The size of the 
amplified products was calculated based on an internal standard (500ROXTM Size 
Standard (Applied Biosystems)) with GeneMapper® Software v 3.0 (Applied 
Biosystems). A manual binning step was included to assign all detected alleles to 
their repeat units equivalent. 
 
To monitor the reproducibility between runs, we included the same three 
cultivars, namely ‘Discovery’, ‘Golden Delicious’ and ‘Guldborg’ in every run. In 
addition, two cultivars (different in each run) were amplified twice.  
 
S-allele analysis 
All mandate cultivars except ‘Åkerö, Gripsholm’ (sport of ‘Åkerö’) were analysed, 
together with four parental non-mandate cultivars (Table 1) and 11 additional 
reference cultivars: ‘Boskoop’ (S2S3S5), ‘Cox's Orange’ (S5S9), ‘Delicious’ (S9S28), 
‘Gravensteiner’ (S4S13S20), ‘James Grieve’ (S5S?), ‘Jonathan’ (S7S9), ‘Lobo’ 
(S10S22), ‘Maypole’ (S10S16), ‘Mutsu’ (S2S3S20), ‘Ribston’ (S1S9S21) and ‘Wealthy’ 
(S3S9). 
 
Allele-specific primers (MWG) were employed for detection of alleles S1–S5, 
S7, S9, S10, S16, S20, S22, S24, S25 and S28 using the nucleotide sequences 
published by Broothaerts (2003), except for S5 and S25 which were detected with 
primers published by Matsumoto et al. (1999) and by Kitahara & Matsumoto 
(2002), respectively. 
 
PCR conditions used for all primers except for S5 and S25, included 1xPCR 
buffer (ABgene), 1.75 mM of MgCl2 (1.25 mM for S20), 200 M dNTPs, 1 M 
of each primer and 0.6 U of Taq DNA polymerase in 20 l total volume. 
Approximately 40 ng of genomic DNA template were used per reaction. For 
primers S5 and S25, a 35 l total volume was used including 1x buffer, 1.07 mM 
MgCl2,, 200 M dNTPs, 1 M of each primer and 2.5 U of Taq DNA polymerase. 
Five different PCR amplification protocols (Table 3) were run on a Px2 Thermal 
Cycler. 
  
A protocol published by Broothaerts (2003) for the discrimination of five 
different alleles, S6, S14, S17, S20 and S21 using the single primer pair  5  
S6/14/17/20/21, did not work properly in our laboratory. By lowering the amount 
of MgCl2 to 1.25 mM, a clear band was however produced in controls reported to 
have S20 and not in any other. This procedure was therefore used to detect S20 in 
the investigated cultivars. 
 
Detection of the three alleles S4, S16 and S22 was carried out using a single 
primer pair, S4/16/22, and subsequently digesting 20 l of the amplification product 
with 10 U restriction endonuclease Taq1 (Sigma) in 3 l 10x restriction 
endonuclease buffer and a total volume of 25 l for 2 h at 65 ºC.  
  
The amplified and digested fragments were separated on a 2.5% agarose gel 
stained with ethidium bromide. The gels were run for approximately 2–3 hours, for 
the digested fragments 4 hours, at 120–150 V, together with a DNA molecular 
weight marker, and then analyzed on a UV-light table. 
 
Flow cytometry 
Cultivars that amplified more than two alleles in an SSR locus and/or the S-locus 
were analysed for ploidy level. Leaf samples were subjected to flow cytometry 
analysis by Plant Cytometry Services (JG Schijndel, The Netherlands). The leaves 
were chopped in icecold buffer with DAPI. Flow cytometry was performed on a 
CyFlow ML (Partec GmbH, Münster, Germany) using Lactuca sativa as internal 
standard. 
 
Data analysis 
The SSR fragments were scored in terms of loci and alleles and thus allelic 
composition of each cultivar was determined. To evaluate the genetic diversity 
within our set of cultivars, we used the following parameters: alleles per locus (A), 
the effective number of alleles per locus (Ae), expected heterozygosity (He) and 
observed heterozygosity (Ho). 
 
Effective number of alleles per locus (Ae) was calculated as in Aranzana et al. 
(2003):  
Ae = 1/(pi)
2   
where p is the frequency of the i
th allele at a locus.  
 
Expected heterozygosity (He), i.e., the probability that two alleles from the same 
locus would be different when chosen at random, was calculated for each SSR 
locus according to Nei (1973):  
He = 1 - (pi)
2. 
Observed heterozygosity (Ho) was calculated by dividing the number of 
heterozygous individuals by the number of individuals scored. 
 
Power of discrimination (PD), which estimates the probability that two 
randomly sampled individuals are discriminated, was calculated for each locus 
according to Kloosterman et al. (1993): 
                 P D   =   1   -   (Pi )
2, 
where Pi is the frequency of the i
th genotype. 
   6 
Confusion probability, which is the probability that any two cultivars are 
identical in their SSR genotypes at all loci by chance alone, was calculated based 
on PD values as in Aranzana et al. (2003):  
                 C   =   (1 - PDi),  
where PDi is the PD value at the i
th locus.  
 
Genetic distances using Rogers’ dissimilarity coefficient (Rogers 1972) were 
calculated and a matrix was produced. Rogers’ coefficient is linearly related to the 
coefficient of coancestry, and is regarded as appropriate for the uncovering of 
pedigree relationships among operational taxonomic units such as the detection of 
essentially derived varieties in plant breeding or the identification of duplicates 
and collection gaps in seed banks (Reif et al., 2005). The matrix was used in an 
UPGMA analysis performed using the NTSYS-pc statistical package v. 2.2 (Rohlf, 
2005) and a dendrogram, illustrating the genetic relationships among cultivars, 
was produced.  
 
In addition, the SSR fragments were also scored phenotypically, with 1 for 
presence of a fragment and 0 for absence. Jaccard’s coefficient of similarity was 
used to produce a similarity matrix. 
 
Correlation between the two matrices obtained with Rogers’ genetic distances 
and with Jaccard’s similarity coefficients, respectively, was investigated with a 
Mantel test (MXCOMP in NTSYS-pc, using 9999 permutations to compute the 
significance of a given correlation). In addition, Mantel tests were also carried out 
to compare each of the two SSR-based matrices with a RAPD-based Jaccard’s 
similarity matrix produced from data on the same trees in a previous study 
(Garkava-Gustavsson & Nybom, 2007).  
 
Results 
SSR polymorphism 
All but one of the primer pairs amplified clear and easily scored fragments. The 
accuracy of scoring was checked by comparing SSR profiles of cultivars with the 
profiles of their known or putative parents when available, and with the reference 
cultivars. We did, however, experience difficulties when scoring fragments 
amplified by primer pair CH01d03. According to Liebhard et al. (2002), this 
primer pair amplifies more than one locus and it was difficult to assign some of the 
alleles to the correct locus. Therefore, fragments amplified by this primer pair 
were not considered in the statistical analyses, although they can still be used for 
identification purposes. 
  
Primer pairs CH01h02, CH02c11 and CH04c06 amplified two loci each. The 
main locus, i.e. the locus described in Liebhard et al. (2002), is denoted as locus 2 
(L2) in the present study. The other locus, denoted as locus 1 (L1), had shorter 
fragments and was less polymorphic than L2 for CH01h02 and CH04c06, and was 
monomorphic for CH02c11. The monomorphic locus CH02c11-L1 was not 
included in the statistical analyses.  
  7  
Thus, 11 polymorphic loci amplified by 9 primer pairs were analysed 
statistically, yielding a total of 113 polymorphic alleles in the set of 68 cultivars 
(Table 2). Number of alleles per polymorphic locus ranged from 2 (Ch04c06-L1) 
to 15 (CH02c06 and CH02b10) with a mean of 10.4. Number of effective alleles 
(Ae) ranged from 1.56 (CH04c06-L1) to 8.50, with a mean of 4.92. Power of 
discrimination (PD) varied from 0.60 (Ch04c06-L1) to 0.97 (CH02b10), with a 
mean of 0.89. Probability of confusion, based on PD values, was estimated as 
9.941 x 10-13. Expected heterozygozity (He) varied from 0.36 (CH04c06-L1) to 
0.88 (CH02b10) with a mean of 0.74, while observed heterozygosity (Ho) varied 
from 0.42 (CH01h02-L1) to 0.96 (CH02b10), also with a mean of 0.74. 
  
In general, allele frequencies were distributed unevenly within the investigated 
loci (Fig. 1). Each locus had 1 to 4 more common alleles, which in some cases 
(CH01h02-L1, CH01h02-L2, CH02d08 and CH04e05) had considerably higher 
frequencies than the other alleles in these loci. All but one (CH01h02-L1) had rare 
alleles, here defined as having a frequency below 0.05. All but two loci, L1 and 
L2, amplified by primer CH01h02, had unique alleles, i.e. present in one cultivar 
but not in any other. Loci CH02c09, CH02c11 and CH04c06-L2 had 1 unique 
allele each, and 2, 4 and 5 rare alleles respectively. Loci CH04e05 and CH02b10 
had 3 unique alleles each, and 7 and 5 rare alleles respectively. Finally, loci 
CH02c06 and CH02d08 had 5 unique alleles each, and 5 and 4 rare alleles 
respectively. Thus, in the whole set of cultivars, only 15 alleles (approx. 13%) 
were found at frequencies above 0.20, 38 alleles (approx. 34%) were found at 
frequencies between 0.05 and 0.20, 39 alleles (35%) were rare and, finally, 21 
alleles (18%) were unique. 
 
SSR-based cultivar identification 
Allelic compositions for each analysed apple cultivar are presented in Table 1. 
Diploid cultivars amplified one or two fragments in each locus. When only one 
fragment was detectable in a diploid cultivar, we considered the cultivar to be 
homozygous. Still, presence of null alleles cannot be excluded, and therefore our 
heterozygosity values can be underestimated. A putative homozygous null allele 
was detected in cultivar ‘Granatäpple, Kungsbacka’ at L1 amplified by primer pair 
CH01h02. The amplification reaction was repeated four times using two different 
96-well plates but no PCR-product was obtained.  
 
Three distinct alleles were revealed at 3 to 8 loci, indicating triploidy, in one of 
the reference cultivars (‘Boskoop’) and in 7 of the Swedish cultivars (‘Frösåker’, 
‘Holländaräpple’, ‘Kalmar Glasäpple’, ‘Kinnekulle Kantäpple’, ‘Norrstack’, 
‘Villands Glasäpple’ and ‘Vrams Järnäpple’) (Table 1). The triploid status of these 
cultivars was confirmed by flow cytometry analyses. We also checked one cultivar 
that was already known to be tetraploid, ‘Alfa 68’. By comparing the SSR profiles 
of this cultivar with the profiles of its two parents, ‘Boskoop’ and ‘Filippa’, we 
concluded that the maternal parent, ‘Boskoop’, had contributed an unreduced 
triploid egg cell while 'Filippa' had contributed a normal, haploid pollen. In total, 
‘Alfa 68’ amplified 4 different alleles at 6 loci, 3 alleles at 4 loci and 2 alleles in 2 
loci. In those cases where only two alleles were amplified in a heterozygous   8 
triploid cultivar, we usually managed to determine which allele occurred in two 
copies by comparing allele peak areas. However, the two alleles COL-230 or 
COL-232 had similar peak areas in our reference triploid cultivar ‘Boskoop’ and in 
its offspring, ‘Alfa 68’.  
 
Analysis of parents for some of the cultivars in our material contributed to the 
accuracy of allele scoring. All alleles found in ‘Alfa 68’, ‘Eva-Lotta’, ‘Katja’, 
‘Kim’, ‘Mio’ and ‘Sylvia’ were thus found also in their parents except for two loci 
(CH01h02-L1 and COL). At locus CH01h02-L1, one of the parents of ‘Eva-Lotta’, 
'Kim' and ‘Sylvia’ showed only one allele and this was not found in the offspring, 
which also had only one allele. Similar cases were revealed for ‘Mio’ and ‘Sylvia’ 
at locus COL. Although presence of null alleles can be suspected, segregating 
populations should be analysed before drawing any definite conclusions. 
 
Comparison of SSR data for some of the presently analysed cultivars with data 
from previously published studies revealed a few discrepancies in allelic 
composition, and several differences in allele sizes (Table 4). Since these studies 
have been based on different trees, minor somatic mutations cannot be ruled out, 
but experimental artefacts are also quite likely, especially concerning allele sizes.  
 
SSR-based cluster analysis 
A dendrogram based on Rogers’ genetic distances did not produce any major 
clustering (Fig. 2). Clear grouping was also missing in the plot produced by a 
Principal Coordinate Analysis (PCO) (data not shown). The majority of 
bifurcations in the dendrogram occurred at genetic distances above 0.30, indicating 
that the indigenous Swedish mandate cultivars are generally not closely related to 
one another. A similar lack of well-defined clusters was observed in a previous 
study based on RAPD (Garkava-Gustavsson & Nybom, 2007). 
 
Two pairs of cultivars, which could not be distinguished in the previous RAPD-
based study, namely ‘Spässerud’ and ‘Särsö’, and ‘Åkerö’ and ‘Åkerö, 
Gripsholm’, remained identical in the present study as well. However, ‘Grågylling’ 
and its red-coloured mutant ‘Fagerö’ were identical according to their RAPD band 
patterns but differed in one SSR allele; ‘Grågylling’ had allele composition 
220:241 in locus COL, whereas ‘Fagerö’ did not have allele 241 (the most 
common allele in this locus) but instead the unique allele 228. The PCR reactions 
were repeated four times using two different 96-well plates to confirm this fact. 
 
Cultivars ‘Hanaskog’ and ‘Oranie’ clustered at a distance of 0.17 in the 
dendrogram. Thus a close relationship between these two cultivars can be 
suspected. We compared the SSR allelic profiles of ‘Hanaskog’ and ‘Oranie’ and 
found that these cultivars shared 2 alleles in 7 loci, and 1 allele in 4 loci. Thus, 
‘Hanaskog’ may well be an offspring of the presumably much older ‘Oranie’.  
We found a highly significant negative correlation between the two SSR-based 
matrices, calculated with Rogers’ genetic distance and with Jaccard’s similarity 
coefficient, respectively (r = -0.863, P < 0.001). We also found a significant 
negative correlation (r = -0.310, P < 0.001) between Rogers’ genetic distances, 
obtained in this study and Jaccard’s coefficient of similarity, obtained in the  9  
RAPD-based study (Garkava-Gustavsson & Nybom 2007). Finally, we found a 
positive correlation between the two Jaccard’s coefficient of similarity matrices, 
for RAPD and for phenotypically scored SSR fragments, respectively, r = 0.377, P 
< 0.001.  
 
S-allele configuration 
A total of 14 different S-alleles were analysed in the mandate cultivars and non-
mandate parents (Table 1). The S-alleles found in 11 reference cultivars were 
identical with those previously reported (Broothaerts et al., 2004; Matsumoto et 
al., 2007) except that we did not screen for S13 (present in ‘Gravensteiner’) or S21 
(present in ‘Ribston’). One of the mandate cultivars (‘Katja’) and three of the non-
mandate parents (‘Ingrid Marie’, ‘Cortland’ and ‘Worcester Pearmain’ had also 
been investigated before (Broothaerts et al., 2004; Matsumoto et al., 2007) and 
found to have the same S-allele configurations as in the present study.  
 
In general, two (or fewer) S-alleles were found in diploids and three (or fewer) 
in triploids, with one exception; the putatively diploid ‘Ökna Vita Vintergylling’ 
had three alleles possibly resulting from the ancient amphidiploidy of domestic 
apple.  
Complete S-allele constitution was determined for 42 of the 67 analysed mandate 
cultivars. Another 23 cultivars lacked one allele, and 2 cultivars (both triploid), 
lacked two alleles. In total, this means that there were 19% missing alleles 
provided that all the cultivars are heterozygous in the S-locus. 
 
The most commonly occurring S-allele of those that could be identified was S3 
(18%), followed by S5 and S7 (16%), S2 (14%) and S1 (11%) while the remaining 9 
alleles had frequencies 6% (S20), 4% (S22), 3% (S4, S10, S28), 2% (S16, S24, S25) and 
1% (S9).  
 
Discussion 
Identification of SSR alleles  
Proper choice of primer pairs is a very important component in SSR-based 
analyses, especially when results from several laboratories are pooled together in a 
larger database. For Theobroma cacao, 15 SSR primers were chosen as an 
international molecular standard because they had the highest reproducibility and 
consistency within a common genotype, while still allowing good differentiation 
of separate genotypes (Saunders et al., 2004). When 46 grape cultivars were 
analysed by ten partners at six SSR loci without any efforts to standardize 
equipment  or protocols, results obtained by some partners were very similar but 
different allele sizes were obtained in other cases (This et al., 2004). A strategy for 
data comparison by means of reference to the alleles detected in well-known 
cultivars was therefore proposed.  
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In apple, different sets of primers have been used, mainly from the list of 
Liebhard et al. (2002). The primers used in this study have previously been applied 
by Gianfrancheschi et al. (1998), Liebhard et al. (2002), Guarino et al. (2006) and 
Ramos-Cabrer et al. (2007). Silfverberg et al. (2006) proposed to include two or 
three reference cultivars, namely ‘Fiesta’, ‘Discovery’ and ‘Prima’, which have 
been tested with most apple SSR markers and have been involved in many genetic 
studies, being parental cultivars of various mapping populations in Europe. We 
included ‘Discovery’ and ‘Prima’ and several other reference cultivars in the 
present study (Table 1), and could therefore compare our results directly with 
previously published data concerning genetic diversity estimators, allele sizes and 
allele compositions for some internationally well-known cultivars. Allelic 
composition was usually similar, but allele size differences of 1 to 4 bp were found 
in all but 3 locus/study combinations (Table 4). Moreover, pairwise comparisons 
of data from different studies revealed a serious lack of consistency between loci 
and sometimes even within the same locus. The differences are probably due 
mainly to the use of different internal size standards and to differences in binning 
procedures.  
 
Since we can expect true alleles to differ by only 1 bp due to mutations in repeat 
flanking regions (Guarino et al. 2006), questionable allele sizing must be avoided. 
Most apple SSR primers contain dinucleotide repeats, which are characterized by 
intensive stuttering, sometimes leading to misscoring of homozygous versus 
heterozygous alleles. By contrast, for SSR loci containing trinucleotide repeats, is 
not always possible to distinquish SSR amplicons from other PCR products due to 
lack of stutter bands. In such cases, all amplicons are usually reported, which may 
lead to an overestimation of the level of polymorphism of these SSRs (Silfverberg-
Dilworth  et al., 2006).  
 
Several studies have advocated the merits of registering relative instead of 
absolute size of alleles since many factors can influence the migration of PCR 
fragments through the gel (Galli et al., 2005; Amos et al., 2007). Two methods of 
standardisation have been applied to SSR fingerprinting in Theobroma cacao: i) 
the use of a partial allelic ladder through the production of cloned and sequenced 
allelic standards and ii) the use of standard genotypes selected to display a diverse 
allelic range (Cryer et al., 2006). The use of cloned sequence-specific internal 
DNA standards to calibrate the size of microsatellite alleles could eliminate the 
problem with allele sizing in plants in international projects and is already widely 
used in human clinic and forensic studies (Bruland et al., 1999; Leclair et al., 
2004). 
 
Identification of S-alleles 
Fourteen S-alleles were identified in our study, with allele frequencies ranging 
from 1 to 18%. Possibly, there are many, albeit rather rare, S-alleles in apple that 
have not yet been detected. Broothaerts et al. (2004) report allelic configurations 
that include 3% unidentified alleles and Matsumoto et al. (2007) have 4% 
unidentified alleles. In our material, number of unidentified alleles is much higher, 
19%. One reason is probably that two very popular cultivars in Scandinavia,  11 
'Ingrid Marie' and 'James Grieve', each have one allele for which there is no DNA 
marker yet (Broothaerts et al., 2004). In addition, S13 and S21 which are present in 
another two important cultivars in this geographic region, ‘Gravensteiner’ and 
‘Ribston’, respectively, were not investigated in our analyses. 
 
In comparison with previously published data for DNA-derived identification of 
S-allele composition in apple (Broothaerts et al., 2004; Melounova et al., 2005; 
Matsumoto  et al., 2007) some geographically based discrepancies in allele 
frequencies can be noted. In our study, S5 and S7 are more common and S9 more 
rare than in the previous studies. One major reason for this difference is probably 
the occurrence of S5 and S7 in several cultivars that are well-known in the 
Scandinavian countries (e.g. ‘Aroma’, ‘Astrakan red’, ‘Ingrid Marie’, ‘James 
Grieve’ and ‘Katja’) and are likely to have some relatives in the analysed material. 
By contrast, S9 occurs in e.g. ‘Cox's Orange Pippin’ and ‘Red Delicious’ which 
have had a large influence on the development of cultivars in North America, 
Central and South Europe and Japan, but probably have much fewer relatives in 
the Scandinavian countries with their harsher climate.  
 
Genetic diversity among cultivars 
A set of apple mandate cultivars had been appointed and approved for preservation 
already before the initiation of this study. We decided to analyse all those mandate 
cultivars that had a Swedish origin and were present in the Balsgård apple 
collections, including also those that were suspected to be sports only. The SSR-
based values of expected heterozygosity (He), obtained in this study, are generally 
in good agreement with those published by Liebhard et al. (2002), Guarino et al. 
(2006), and Galli et al. (2005). When the less polymorphic loci in multilocus SSR 
markers were omitted (as in Guarino et al. 2006), the average He values were 
almost identical in all three studies based on the same markers: 0.80 (in this study), 
0.81 in Guarino et al. (2006) and 0.80 in Liebhard et al. (2002), in spite of the 
different numbers of cultivars analysed. The average PIC value, which is basically 
the same as expected heterozygosity, was 0.72 in Galli et al. (2005), and 0.74 in 
the present study when all loci (also the less polymorphic loci in the bilocus 
systems) were included.  
 
Number of SSR alleles per locus in our study was generally in agreement with 
those reported by Guarino et al. (2006) but in some cases we found considerably 
more allele variants. Thus we found 15 alleles for primer CH02c06, while Guarino 
et al. (2006) report only 10 alleles, and for primer CH04e05 we found 14 alleles, 
as compared to 8 in the Guarino et al. (2006) study. These primers amplified 
mainly unique or rare (frequency at or below 0.05) alleles, namely 10 out of 15 
(67%) in the case of CH02c06 and 10 out of 14 (71%) in the case of CH04e05. 
Consequently, the higher number of analysed individual genotypes, 66 in this 
study compared to 27 in the study by Guarino et al. (2006), may explain the 
differences in allele number. 
 
The expected heterozygosity (He) is influenced by the number of alleles and by 
the distribution of allele frequencies. Thus, the most polymorphic SSR locus in 
this study, CH02b10, (He = 0.88) revealed 15 rather evenly distributed alleles.   12
Interestingly, locus CH02c09 with only 10 evenly distributed alleles had the same 
heterozygosity as locus CH02c06 (He = 0.85), which amplified 15 alleles, 10 of 
which were found at a frequency below 0.05. Even though loci CH02d08 and 
CH04e05 amplified 13 and 14 alleles, respectively, they had one very common 
allele each (frequency approx. 0.50) and, consequently, lower expected 
heterozygosity values, 0.70 and 0.71 respectively. The pattern of allele distribution 
seems to have a stronger impact on expected heterozygosity values than the 
number of alleles does. Galli et al. (2005) pointed out the importance of an even 
distribution of alleles, and our study confirms this fact.  
 
The large number of relatively abundant alleles in the S-locus makes this an 
important tool in identification of cultivars. In addition, valuable information about 
compatibility relationships is obtained. S-alleles have also been applied for 
paternity assignment in studies on fruit tree pollination and fruit set (Schneider et 
al., 2001a, 2001b; 2005; Zisovich et al., 2005). Still, the discriminatory power of 
S-allele analysis is much smaller than for e.g. SSR analysis (where more loci are 
available) and this analysis can therefore be regarded only as a complement  to 
other methods.  
 
Genetic relatedness among cultivars 
For analysis of closer relationships, both SSR alleles and S-locus alleles are very 
useful. Sports have almost identical allele composition and can easily be 
distinguished from closely related (parent-offspring) cultivars derived by sexual 
recombination. For assessment of phenetic similarities among cultivars, high 
multiplex ratio markers, like AFLP or ISSR would probably produce better results 
than SSR (Goulao & Oliveira, 2001). In the case of highly heterozygous and 
diverse apple cultivars, it is, however, doubtful whether any other type of 
molecular marker would produce well-defined clusters. 
  
The indigenous Swedish mandate cultivars probably represent a broad gene pool 
due to e.g. numerous cross-pollinations between highly heterozygous genotypes 
during the long period of apple cultivar development, frequent exchange of plant 
material between countries and plant breeding programs, and a slow turnover of 
popular cultivars, many of which are more than a hundred years old. Indigenous 
Swedish mandate cultivars may therefore originate from foreign progenitors, and 
represent several centuries of apple cultivation even in the most recent generations. 
Not surprisingly, the SSR-based UPGMA dendrogram failed to produce a clear 
group structure in our study, thus confirming the previous results obtained with 
RAPD markers (Garkava-Gustavsson & Nybom, 2007). 
  
Still, the discrepancies in S-allele frequency distribution when Swedish cultivars 
are compared to mainly North American, Central and South European and 
Japanese cultivars (an over-representation of S5 and S7 in Sweden, and an under-
representation of S9) suggest that allele frequencies can  change considerably due 
to genetic drift. 
 
Other SSR-based studies in apple have also failed to produce a clear grouping 
structure except in a Spanish study of locally derived cider apple cultivars  13 
(Pereira-Lorenzo et al., 2007). In the analysis of 66 apple rootstock clones, two 
broad groups but no distinct clusters were thus observed (Oraguzie et al., 2005). A 
genetic distance-based dendrogram, obtained in Guarino et al. (2006) in a study of 
local Italian apple cultivars, showed no relationships with the morphological traits. 
Furthermore, eight reference cultivars from other countries were spread across the 
whole dendrogram. This distribution was explained by the fact that all the plant 
material probably came from the same genetic pool of apple germplasm, collected, 
bred and exchanged across Europe and Central Asia over many centuries.  
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Figure 1. Allele  frequencies  for 11 analysed  SSR loci, each represented by  a different 
colour. Loci follow the same order as in Table 1.  25
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Figure 2. A UPGMA dendrogram, representing genetic relationships among 68 native 
Swedish mandate cultivars. 
 